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An Interdiscipliriary Approach t o  High Temperature Chemistry 

M. P. Freeman 

Central Research Division, American Cyanamid Co., Stamford, Connecticut 

In the  f i e l d  of high temperature chemistry, and especially as it pertains t o  the 
effluent of plasma j e t  devices, there has always been substantial  uncertainty about 
the nature of the chemistry tha t  one should expect when the i n i t i a l  high temperature 
stream i s  cooled t o  more conventional temperatures, often in the  presence of an W e d  
cold reagent or spectator gas. A s  a f irst  example, we may c i t e  the cracking of methane 
in  a plasma j e t  t o  make acetylene. For t h i s  reaction, as is  generally the  Case, one 
m u s t  postulate some sor t  of "freezing temperature" because, of course, acetylene i s  
unstable w i t h  respect t o  decomposition t o  the  elements at roomltemperature2 Now, 
three groups of workers have carefully regarded t h i s  reaction. 
tablished that chemical equilibrium at t h e i r  mixed mean temperature determines the 
yield. (They say nothing about what happens a t  the intervening temperatures.) A 
second group concluded tha t  not equilibrium, but rather reaction idnetics c0nt;ols 
the extent of reac t io  u n t i l  the  mixture becomes so cold the reaction "freezes; 
while the  th i rd  group showed t h a t  t he  reaction was very fast and t h a t  t he  kinetics 
of mixing controlled the  reaction rate.  
Reed5 has opined that each group was correct but t h a t  t he  conflicting results stemmed 
from the different reaction conditions and geometries involved. 

One group has es- 

E 
Again a "freezing" temperature w a s  invoked. 

To c i t e  fur ther  examples, consider t he  well-known f ixa t ion  of up t o  3 or 4% of 
the  nitrogen when a nitrogen-oxygen mixture is  passed through a treaming plasma 
device and the stream rapidly quenched. 
from a stationary cascade arc through a f ine  water-cooled probe they obtained an 
unheard of l& yield. 
r a t e  attr ibuted t o  such probes. 
formation tha t  has been accumulated for t h e  reaction of 
plasma t o  make HCN.l Attempts t o  in te rpre t  these ~ l a t a ~ , ~  have resu l ted  in  two 
plausible but contradictory mechanisms e h of which accounts f o r  the  observed re- 
sults very well indeed. On the  one handy the y ie ld  is  exactly what one might 
expect i f  each N+ ion i n  the  j e t  re$ul t s  ultimately in two molecules of HCN. To 
explain how this can happen, one must disregard considerations of chemical equilibrium 
and say t ha t  sanehow the  high temperature molecular and ionic fragments ' fa l l  together' 
i n  the proper way i n  the  very rap i  
The equally a t t rac t ive  a l t e r n a t i v 8  i s  t h a t  the  methane mixes in a qui te  ordinary 
way with the nitrogen j e t  and that the  mixture i s  always in local thermndynaaic 
equilibrium. 
all of the  HCN precursors (assumed t o  be cyano, CN) proceed as before along some in- 
evitable reaction path t o  the  f i n a l  product. The ra ther  sophisticated computer program 
has never been made available fo r  c r i t i c d  appraisal, but assuming it t o  be a straight- 
forward resu l t ,  one must ask whether it shouldn't be possible t o  d i f fe ren t ia te  between 
such diametrically opposed concepts by a consideration of the  relevant time scales. 
Indeed one might suppose th i s  would be standard o p e r a t b  procedure. 

When AmmaM and Timmins withdrew product 

This must almost c e r t d n l y  be associated with the  high cooling 
Again, consider t he  rather substantial  body of in-  

ethane with a nitrogen 

quenching tha t  r e su l t s  f r q  the mixing process. 

A t  some point one has t o  postulate a "freezing temperature" below which 

In the face of such evident need, it i s  in te res t ing  t o  ask why so l i t t l e  has  
been accomplished along these l ines.  
sp i re  t o  place such an analysis outside the  accepted purvue of "chemistry" o r  "chemical 
engineering?" The f i rs t  fac tor  t h a t  comes to  mind is  the  real paucity of information 
about any of the  characterist ics,  but especially the  charac te r i s t ic  times of such 
strongly cooled f l u i d  flow. 
r a t e s?  Another fac tor  i s  tha t  the whole concept of "freezing" a reaction has dways 
been a b i t  nebulous t o  the  chemist. 
t o  equilibrium flow is  of v i t a l  importance, the  chemist has always been pragmatically 
in te res ted  in  forcing the  s i tua t ion  one way or the other and has had l i t t l e  in te res t  

O r  t o  rephrase the question, what factors con- 

Is  it reasonable t o  even think about meaningful quenching 

Although the t rans i t ion  f'raon frozen f l o r ~  
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i n  systematic study of the compromise si tuation. Similarly experimental pu r i s t s  and 
theoretical  chemists have generally t r i e d  t o  avoid non-isothermal si tuations i n  view 
of t he i r  general analyt ical  i n t r ac t ib i l i t y .  It is i n  f a c t  only with the advent of 
streaming thermal plasma devices (and of reentry) t h a t  veloci t ies  and residence times 
have achieved such e,utreme values tha t  one might expect elementary reaction steps t o  
be spat ia l ly  resolved and temperature changes t o  be so abrupt t ha t  atomic, ionic, and 
f r ee  radical reactions may not proceed along t h e i r  anticipated course (c.f. the inex- 
plicable inact ivi ty  of 11 atoms i n  HCN synthesis). 

' 

The purpose of the  present work i s  t o  attempt t o  formulate a framework f o r  examin- 
ing these questions and t o  t r y  the formulation out on a nitrogen plasma configuration. 
I n  the next part  we formulate an expression fo r  a c r i t i c a l  quenching r a t e  vs tempera- 
ture.  
devices under vaxious conditions and establish t h a t  "frozen f low"  i s  probably the 
ru l e  for both ionic and atomic recombination. 
where one m i g h t  e*ect t h i s  t o  lead, introducing the concept of characterist ic re- 
action times s o  as t o  f a c i l i t a t e  choosing between alternatives i n  the  frozen flow 
regime. 

In the  following section we examine the cooling sequences of a few plasma j e t  

Finally,  we speculate a l i t t l e  on I 

Threshhold Frozen Flow I 

The problem starts wi th  a f u l l y  equilibrzted high temperature flow system. The 
concentration of sane species, thought t o  be chemically relevant, emerges from, say ,  
a f r ee  energy minimization program9 
I n  either case, we represent the concentration of the interesting species ( i n  moles ~ r n - ~ )  

i n  some cases, a simple equilibrium calculation. 

by (r): 
(1) 

where P and T have t h e i r  usual significance and NAY TiB,. . .represent the component molar 
'composition of the mixture (as opposed t o  the species composition). 
t h e  temperature of this mixture t o  decrease we may  formally writc fo r  the time r a t e  
change of (r): 

I f  we now cause 

I 

where t represents time. The equil'brium value a t  temperature T of t h e  concentration 
of the species of i n t e re s t ,  (r), i s  the r e su l t  of a balance between a set  of ra.pid 
forward and reverse reactions:  

- 

A t  equilibrium at constant temperature both sides of Equation 3 axe equal t o  zero by 
definition of the equilibrium process. As long as the  temperature change is  suff i -  
c ient ly  slov t h a t  

I 

where the left-hand side of Equation 4 i s  determined from Equation 2, He say t h a t  we I 
have equilibrium flm. 
calculated again from Eqxation 2, i s  much larger  than that of e i ther  of the right-hand 
terms in Equation 4, then kinet ic  considerations preclude maintaining any semblance 
Of an equilibrium comp0sition;and we  say we have frozen flow. %do performed sui table  calculations f o r  a i r  expanded through a hypersonic nozzle 
and showed that  th is  cross ,over f r o m  fully equilibrated t o  f u l l y  frozen flow i s  very 
abrupt. 
may be considered discontinuous, and he swgested modeling it i n  t h i s  way. 

If on the other hand, the absolute value of the left-hand side, 

In a c lass ic  work, 

The r e su l t s  of his det'ailed calculation indicate i n  f ac t  tha t  the t ransi t ion 
:-ie went 
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or. t 3  arms! (though h d i r e c t l y )  t h z t  any c r i t e r ion  gmxaiiteed t o  l i e  well within 
this t ransi t ion region cwuld therefore be used t o  establ ish the  freezing condition. 
Tn h i s  czse t h e  condition would be a particlrlrm e q a s i o n  rzzio,  say; i n  the present 
sme?hat  Rore general argument the condition w i l l  be the  r e su l t  oi' arr; or several 
o f  many differect  temperature changing mechanisms , adiabatic eqmsior i ,  r e z t i o n  
heat,  t h e n a l  condiction, addition of a cold gas or l iquid spray diluent,  etc. 
c r i t e r ion  swgested by 3ray is : 

The 

where LTi (T)  represents t h e  total unidirectional reastion rate.  
2 and 5 we obtain f o r  t he  cooling r a t e  required for r^rozen flow: 

Combining Equations 

Iimerical Example. To implement Equation 6, we introduce now the  nitrogen 
Curves of the  equilibrium paxticlc densit ies fo r  nitrogen at 1 a t m  are  system. 

sham i n  Figure 1. 
but one equilibrium at a t ine,for  at no temperature available t o  chemists axe more 
than two species present in chemically s ignif icant  amounts; however, for t he  moment 
we use Figure 1 i t s e l f .  i:early every-reaction rate of interest  f o r  t h i s  s y s t e m  may 
be found i n  a colppendj.um by 3ortner. 
destroying the H species. 

It i s  M e d i a t e l y  clear  by inspection tha t  one need consider 

We consider f irst  the pr inciple  r e a p o n s  

+ 
( 7 )  

+ B + e + e + I! + e ii, = 5.3 x 10~"~ Y-' 

Reaction 11, radiat ive recombination, dominates at temperatures of  l O , O ~ * S  and above, 
while reaction 9, c h a g e  exhange, M a t e s  at lower temperatures. Perfectly 
straightforwand numerical application of these rate expressions together with equilib- 
rium values of species concentrations and t h e i r  derivstives obtained from Figure 1, 
yields a c-e demarcating t h e  cooling r a t e  regime in Figure 2 within which we  expect 
equilibrated ion flow (rjght-hand shaded region). 
12,50O0K on the  one hand because t h i s  carresponds t o  a good j e t  center temperature, 
while  it was stopped at 950O0K on the  lef t  because below t h i s  te-nperature the number 
of ions is  uninteresting. S i n i l a l y  the  lef't-hand shaded region shars the cooling 
r a t e  regime 5xi which ire expect equilibration between atoms and molecules . This 
regime 8s calculated from the  following ( % a n  *on Yortnerl2) : 

The calculation was stopped zt 

0 Above 8000 K, molecular nitrogen has disappeared completely, uini2.e  be?^ !:cIc)O'i-: there 
i s  no atam p v d a t i o n  of consequence. 
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Figure 1: 
tataz pressure as a function of temperature. 

Particle densitiiee of nitrogen a t  1 atm 
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Characteristic Reaction Time. It is instructive at t h i s  point t o  examine charac- 

t e r i s t i c  times f o r  these reaction r a t e s  so as t o  gain more appreciation for  the speed 
at which significant chemical events occur from a more conventional viewpoint. Con- 
sidering now j u s t  the r a t e  expressions, a t  any temperature the reciprocal of 
1/N dN/dt = dln(Ii)/dt w i l l  give the  time required (by extrapolation of a tangent t o  
the  curve) fo r  thg concen t r a t ip  of the  species of in te res t  t o  decrease t o  l / e  of i t s  
value. A t  12,500 K and 10,000 K the  charac te r i s t ic  times are 64 and 320 bsec, 6"s- 
pectively. Similarly defined atom/molecule relaxation times at 8ooO°K and 5000 K are 
413 p e c  and 13.4 msec, r spectively. To place these numbers i n  perspective, it has 

flow at 2 atm, a peripherally added reagent has a charac te r i s t ic  mixing time of about 
60 Vsec which requires about 1 cm of j e t  travel.  

Characteristic Quenching Rates 

prkviously been estimated E t h a t  under t y p i c d  laboratory conditions f o r  a tube confined 

As of t he  present time, the  ac tua l  quenching ra tes  achieved i n  various high tem- 
perature f low configurations are not a t  a l l  well known; however,-it i s  necessaxy t o  
make some estimate of these r a t e s  f o r  comparison with the  c r i t i c a l  freezing r a t e  of the 
preceding section. We w i l l ,  therefore, do the  %est we can" f o r  two very important 
si tuations,  turbulent e n t r d m e n t  of a cold stagnant gas on the  one hand and simple 
cold-waled tube confined flow on the  other. There axe, of course, other familiar 
quenching situations : 
pumped coolant added t o  a tube confined j e t ,  and many otherp which have not yet yielded ~ 

t o  analysis, but which almost certainly l i e  between the  two extreme methods analyzed here. 

p e r h e n t a l  r e su l t s  f o r  the very important s i tua t ion  where a 3/4" d i m  argon j e t  
(35Oscfh) i s  allowed t o  turbulently entrain a surrounding essent ia l ly  stagnant cold 
h e l i m  sheath. 
purposes; certainly nitrogen entraining methane would have a t  l ea s t  a comparable 
cooling rate.  A curve derived from the i r  data is  shown i n  Figure 2 and clearly 
demonstrates t h e  ch&racteristic high c o o l b g  r a t e  t ha t  i s  nearly independent of 
temperature. Frozen f low m u s t  c lear ly  be expected fo r  t h i s  quenching method. The 
second flow s i tua t ion  tha t  has been experimentally' characterized i s  fo r  cold-wall 
contained plasma flows. 
i n i t i a l  conditions. The curves come frm the  re la t ion  

cold l iqu id  quenching, cold doorknob inpingement , peripherally 

Thanks t o  the experimental work of Grey and h i s  co-workers 13y14,15 we have ex- 

This should provide a lower bound t o  the  quenching r a t e  for practical  

In Figure 3 "tube average" curves are presented f o r  various 

16 where h ( T )  = H(T) - H(298) and i s  re la ted  t o  the  axial coorainate z by the re la t ion  

In t h i s  expression s is a charac te r i s t ic  flow development length and is experi- 
mentally on t h e  order of 10 diameters ( t o  within a fac tor  of 2). 
t i nu i ty  equation for  t he  velocity term we obtain: 

Using t h e  con- 

-1 For the curves sham, G/A is taken its 0.07 moles 
h(T) axe taken from t h e  extensive tab les  f o r  nitrogen published by'Hilsenrath and 

sec , s as 5 c m  and p(T) and 
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Klein.'' The values CC To shown, m c h  lower than actual entrznt centerline t e m -  

peratures , were chosen t o  correspond t o  eas i ly  attainable net entrant power levels 
for  gas flows of .Ol7 g mole sec 
factor of 10 higher would be obtained with a .020" quenching probe.G 

N a t e  t h a t  all e lse  equal, a quenching rate a 

On the  same figure equilibrium f l o w  regimes are sham fo r  t he  nitrogen atom/ 
molecule reaction a t  0.1 a tn  and 1 a t m ,  respectively. 
average" curves m a r  be believed, we can draw the conclusions that equilibrium flow 
i s  possible i n  a tube. 

To the  extent t he  "tube 

It i s  favored by 

. l a rger  diameters (quenching r a t e  i s  inversely proportional) 

. higher pressures 

. higher parer levels. 

One m a y  equally w e l l  infer t h a t  frozen flow i s  also possible i n  tubes. I n  par t icu lar ,  
a .020" dim tube night very w e l l  be used t o  "freeze" a flow with very nearly the  sane 
efficiency as turbulent entrainment. T 

The "tube average" curves may dras t ica l ly  understate t h e  quenching i n  a tube, of 
course. 
average" model takes a flow f r a n  7000 t o  sub-thousand temperatures i n  a few m i l l i -  
seconds, i n  actual f a c t  nearly one-fourth the t o t a l  flow i s  at 12,0OO0K and goes t o  
sub-thousand temperatures in (probably) comparable times. 
in progress t o  see i f  any great discrepancy i s  encountered; however, Figure 3 agrees 
so well  with the  wr i te r ' s  experience t h a t  it seems unlikely t h a t  any surprises w i l l  
a r i se  i n  t h i s  area. 

Figure 4 i l l u s t r a t e s ,  i n  a very exaggerated way,  t ha t  while t h e  "tube 

Calculations are currently 

Discuss ion 

Frozen flow i s  generally necessary at sane point f o r  t h e  recovery of useful 
products. 
f'reezing is generally inevi tab le  and i n  fac t  generally t o  be expected at f a i r l y  h i &  

for the larger production uni t s ,  such as the Westinghouse unit  described a t  t h i s  
meeting). Once the  f ac t  of frozen flow has been established, one may examine re la -  
tive characterist ic reaction times (such as defined above) t o  t e s t  the f eas ib i l i t y  
of proposed reaction mechanisms (o r  alternatively by reaxrangenent of Equation 6 t o  
est.ablish limiting value on reaction ra tes  then the  infornation is  unavailable). 
J u s t  by way of i l lustrat&on, consider one interpretation of the  HCN experbents c i t e d  

It is 
now c l e w  t h a t  under the<'rewtion conditions the  composition of t he  flmr Treezes long 
enough t o  intermijc well with the carbon-containing species while s t i l l  several per 
cent ionized. 
i s t i c  reaction t i m e  (see .above) for  tine radiative recombination of N' and e 
from 611 ysec at 12,5OO0iC t o  320 Usee at 10,OOOoi(:.+ Thus, we. ar r ive  v i th  nost Of O W  
ims intact a t  a temperature where formation of ?i2 by charge exchange (Ecuation 11) 
i s  t he  fas tes t  available TI'. ion removing reaction (chasecterist ic t h e  = 150 usec). 
Iin.rever, !$ has  v i r tua l ly  no chancc of participating d i rec t ly  i n  bulk chemistry 
because of' the e:rtrenely fast dissociative neutralization reaction 

It i s  c lear  from t h e  trends displayed in the  preceding sections t h a t  

temperatures in laboratory scale uni t s  (but. not. necessarily at such high temperatures \ <  

above that  involves an'i:, intermediate ( a  specie not favored by equilibrium). P+ 

i r  
That is ,  t h e  quenching r a t e  i s  20 t o  30°K (!Jsec)-l vhile the-character- 

lengthens 

-10 vnich clearly has a charac te r i s t ic  time 01' about 10 seconds. Thus, if' the ions 
do 3axticipate i n  th i s  r ex t io r . ,  it must be t h r o w  carbon-containing noieties as 
intermediates. 
equilibrated flow, seems equally ufitenable i n  l ight  of t n e  present considcraiims. 

3y the same token, nowever, t he  alternative exilar,ation, khat 02 I'ul3Y 
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Conclusions 

By taking a freezing c r i t e r ion  from aerodynamics and quenching and chemical 
k ine t ic  r a t e  data from whatever Somces available, it is  clear t h a t  it is possible 
t o  bring nev l igh t  t o  bear,  however poorly in focus, on the subject of high tem- 
perature chenistry, par t icu lar ly  tha t  o f  streaming thermal plasmas. Especially fo r  
tube confined plasmas, t h e  trends with changes i n  t o t a l  pressure, tube diameter and 
input power density a re  seen t o  be straight forward. 
stagnant cold gas i s  seen t o  be fast enough t o  freeze even the  simplest reactions i n  
the  nitrogen plasma system (except- the dissociative neutralization of I?:) while 
f ine  probes a re  seen to be nearly as good. Finally, the  concept of "characteristic 
reaction time" has been invoked t o  help examine illustratively- the  p laus ib i l i ty  of 
a paxticulax reaction nechanism i n  a frozen f l o w  regime. 

References 

1. 

2. 

Turbulent entrainment of a 

M. P. Freeman, Advan. 

V.G. Melamid, T.A. Mukhtazova, L.S. Polak, and Y.L. 'Khait, "Kinetiha i T e r n  
dinamika Khimicheskikh Reaktsii v Wizkotemperilturnoi Plazme" (I,. S. Polair, 
ed.) p. 12, Inst .  Nef'te-him Sinteza Aicad. Nauk SSR (1965). 

High Temperature Chem., 2, 151 (1969). 

3. J. E. Anderson and L. K. C a s e ,  Ind. Eng. Chem. Process Design Develop., I;, 161 (1962). 

4. 

5. 

6. 

7. 

M. P. Freeman and J. F. Skrivan, A.I.D.E.J., E, 450 (1962). 

T. E. Reed, Advan. High Temperature Chan., &, 259 (1967). 

P. R. Ammann and R. S. Timuins,  A.I.Ch.E.J., l2, 956 (1966). 

#. P. Freeman and C. C. Mentzer, Ind. E r g .  &em. Prbcess Design Develop., 2, 39 
(1970). 

8. E. R. Bronfin and L. S. Cohen, Proc. Third Int. Symp. High Temp. Technol. (1967), 
Butterworths, London and Toronto, p. 433. 

9. D. R. Cruise, J. Phys. Chem. , 68, 3797 (1964). 

10. K. Ii. C. B r q ,  Fluid Mech., 6, 1, (1959). 

ll. F. Burhorn, Z p h y s . , ~ ,  42 (1959). 

-5 12. 

13. 

14. H. Bortner, "Chemical Kinetic's i n  a Reentry Flow Field," AD418159 (1963). 

P. F. Jacobs and J. Grey,'hrbulent Mixing in a Par$ially Ionized Gas," Princeton 
University Aeronautical Engineering Laboratory Report No. 625, October, 1962. 

j 
14. P. M. Williams, M. P. Sherman, P. F. Jacobs and J. Grey, "Heat Transfer from a 

Paxtially Ionized Gas t o  a Gaseous Coolant," Princeton University Aeronautical 
Engineering Laboratory Report No. 651. 

15. 

i6. 

J. Grey and P. F. Jacobs, AIAA J., 2, 433 (1964). 

J. F. S i i v a n  and ti. \ion JX~KWS'W, inci. E%. cia. Process Design Develop., 4, 

J. Hilsenrath and M. Klein, "Tables of Thermodynamic Properties of Nitrogen... 

371, (1965). 

17. 
2000% t o  15 ,OOO%, AD432210 (1964) . . 



11 

DIPGNOSTIC TECHNIQUES FOR HIGH TEMPERATURE PLASMA REACTIONS* 

J. H. Mullen, J. M. Madson, L. N. Medgyesi-Mitschang, T. C. Feng, P. M. Doane 

McDonnell Douglas Research Laboratories 
McDonnell Douglas Corporation 

st. Louis, Missouri 63166 

Introduction 

Numerous experimental techniques have been employed i n  the study of interactions 
between charged and neutral  constituents of a plasma. 
employed in  any experiment has been determined by the phenomena under investigation. 
In particular, beam and d r i f t  tube experiments as w e l l  as afterglow techniques 
have been used t o  study phenomena such as ionization, electron recombination and 
electron attachment i n  a temperature range near room temperature. Some recent 
measurements on the electron attachment process have been made at elevated gas 
temperatures where the reaction prpducts w e r e  analyzed with a m a s s  spectrometerl,2,3. 
The usual l imitation on the gas temperature in these experiments is the m a x i m u m  
working temperature of the  material used for  the t a rge t  gas heater. 
recombination, electron attachment and ion-molecule reaction processes i n  plasmas 
have also been studied using a flowing afterglow technique4r5. This technique 
has an advantage over the stationary afterglow method fo r  reaction rate studies i n  
tha t  it permits the injection of target  molecules in to  a flowing plasma stream 
without subjecting these molecules t o  the main discharge exci ta t ion mechanisms. 
However, temperatures used i n  flowing afterglow studies haw usually been less 
than 600%. To study these processes a t  higher temperatures and in  par t icular  
temperatures encountered by reentry vehicles (2000 - k.OOO°K), plasma discharges 
having these high temperatures must be employed. For these st i e s  arc  heated 
plasma sources have been used with both subsonic channel flowspand supersonic 
free j e t s 7 ~ ~ .  
these techniques because of the inhomogeneity of plasma parameters in  the reaction 
region. !Che system described i n  t h i s  paper encompasses the desirable aspects o f  
the above mentioned approaches and enables quantitative reaction rate measurements 
t o  be made9. 

Overall System Description 

The par t icular  technique 

Electron 

Interpretation of experimental results is d i f f i c u l t  wi th  both of 

The experimental apparatus shown in Fig. 1 is  composed of a plasma source, 
chemical reaction channel, expansion region and m a s s  analysis chamber. The gases, 
heated in an electrodeless induction plasma discharge, react  w i t h  supersonically 
injected target  molecules i n  a sonic reaction channel and are subsequently 
"chemically frozen" by rapid expansion in a free molecular jet. 
density, excitation temperature, electron temperature, and gas temperature of the 
plasma a t  the source i s  measured with an opt ical  spectrometer, a0 X-band microwave 
radiometer, and high temwrature thermocouples. I n  addition, exci ta t ion tempera- 
tures are also measured in the reaction channel. Free electron number densit ies 
and ion-molecule intensi t ies  i n  the free expansion region are measured simultane- 
ously with a Ka-band microwave interferometer and a free jet ion-molecular beam 
m a s s  sampling system using a quadrupole m a s s  spectrometer. The design, construc- 
t ion and particulars of the plasma system and instrumentation w i l l  be described 
subsequently. 

The electron 

*This research w a s  conducted under McDonnell Douglas Independent Research and 
Developent Program 
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Figure 1 Schematic Drawing of Experimental Apparatus 
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Plasma Source 

An electrodeless induction plasma similar t o  those of Reed'' and Eckert, e t  al 11 
is  used as the plasma source. 
1 MHz i s  used t o  supply the plasma heating power. 
electrode contamination of the plasma i n  the chemical reaction channel and permits 
uniform heating of the plasma with electron temperatures close t o  the gas tempera- 
ture i n  the central  core region. 
Fig. 2. 
approximately 160 mm long. 
by paddling standard diameter quartz tubes on machined carbon m a n d r i l s  mounted i n  
a glass blowing lathe.  Allowance has t o  be made for  the expansion of the carbon 
during t h i s  step. The end plates  (threaded for  assembly t o  the water jacket) are 
made o f  copper and are water cooled. The water jacket i s  machined f r an  a 203 mm 
O.D. - 101 mm I.D. cast  Teflon tube and handles a 1.14 e/sec flow rate. 
oppositely wound, eight turn co i l s  of 3 mm O.D. copper tubing-surround the plasma 
discharge tube and are mounted col l iner ly  inside the w a t e r  jacket. 
ance between the discharge tube and the water jacke t  gives adequate coolant water 
flow. To prevent r f  sputtering between the co i l s  and the copper end plates, the 
coi ls  are center fed and grounded a t  the ends so that  the rf plasma potent ia l  is 
minimum at each end of the discharge. 
tubes have operated fo r  more than 100 hours before fa i lure .  

A 0 t o  100 kW, class C, rf osc i l l a to r  operating a t  
This plasma source eliminates 

A scale drawing of the discharge tube is shown i n  

The ends are made t o  f i t  the +ringed copper end pieces 
The 80 mm diameter plasma discharge tube is  made of 1 mm thick quartz, 

Two 

A 1.5 mm clear- 

In t h i s  configuration, the quartz plasma 

In operation, the plasma is in i t i a t ed  a t  low power at 10-3 t o  10-1 Torr pres- 
sure. 
t o r  power inputs ranging from 1 t o  69 kW using argon. On air the discharge can be 
operated from 1 to 600 Torr with power inputs from 20 t o  100 kT!. 
power inputs (i.e. < 39 kW) a tungsten rhenium thermocouple is used t o  masure the 
local gas temperature of the plasma a t  the entrance t o  the plasma channel. 
measured temperatures for  various argon m a s s  flow rates are shown i n  Fig. 3 as a 
function of source pressure. 
o sc i l l a to r  power input. The dashed l i nes  
represent theoretically predicted curves based on gas d y m i c  considerations. 
deviation a t  the higher m a s s  flow rates  and high temperatures apparently i s  due 
t o  bending of the thermocouple from the center of the channel. Gas temperature 
data &we t h i s  range is  d i f f i c u l t  to  obtain. 
pressure at higher powers the temperature can be predicted from the theoret ical  
curve. Because the gas i s  sonic at the thermocouple, the temperature derived fran 
Fig. 3 must be multiplied by 1.33 t o  obtain the source chamber temperature. 
highest operating chamber pressures are indicated by a star i n  Fig. 3 and show the 
maximum temperatures obtainable. 
current of the osci l la tor  t r iode (10 emperes) rather than the maximum power capabil- 
i t y  of the t r iode i t s e l f .  
the number of turns on the plasma coil. 
t a i n  diatomic molecules are used, loading of the osci l la tor  is suff ic ient ly  low s o  
the maximum plate  current coincides with maximum power. The design described here 
is a compromise that  provides operation on monatomic as well as diatomic gases with- 
out mechanical or e l e c t r i c a l  modifications. 
t ions f o r  the plasma source operatine on argon end air. 

Optical Spectrographic kasurements 

After in i t i a t ion  the discharge can be operated from 1 t o  760 Torr at oscil la- 

A t  low oscille1,or 

These 

The source pressure is controlled by changing the 
Above 28509~ the thermocouple melted. 

The 

However, by monitoring the source 

The 

These points were limited by the maximum plate  

An improvement in  power output i s  possible by reducing 
When gas mixtures such as air which con- 

Table T shows typical  operating condi- 

To interpret  the chemical reactions i n  the channel it is  necessary t o  know the 
electron temperature of the plasma in  the source and reaction channel. 
e l e c t r i c  discharges there is  some degree of nonequilibrium between the electron and 
gas temperatures. 
mine both of these temperatures because the energy i n  the f r ee  electrons represents 
only a s m a l l  f ract ion of the t o t a l  energy i n  the gas. 

In most 

Simple techniques such as  thermocouples can not be used t o  deter- 

Lmgmuir probes were not 
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Figure 3 Channel Gas Temperatures 
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Table I Typical rf Plasma Operating Conditions 

Line 
Power 
(kW) 

Discharge 
ii Pressure 

g/sec (Torr) 
(kW) 

8.5 
8.5 
9.2 

2.8 
4.5 
6.55 
6.65 

IO 

Table 

V I  
(Amp) 

10 
9.5 
9.1 
9.8 
2.55 
5.1 
9.65 
9.85 

II 

90 
85 
95 

100 
6 

24 
66 
69  

Plate I Grid 

0.104 165 
0.130 206 
0.163 258 
0.326 542 
0.193 139* 
0.193 166* 
0.193 164 
0.273 247 

12.7 
12.7 
12.8 
12.8 
12.8 
12.8 
12.8 
12.8 

V 
(kV) 

1.0 

1.13 
1.25 
1.55 
0.07 
0.27 
0.74 
0.77 

- 

- 

195 58.0 Air 
195 5 8 5  Air 
200 60.9 Air 
200 62.0 Air 
200 - 5 0  Argon 
200 -50 Argon 
200 -50  Argon 
200 -50 Argon 

I 
(Amp) 

0.94 
1.00 
1.14 
1.40 
0.06 
0.18 
0.30 

1 0.31 

- 

- 

I I 1 

Spectrographically Measured Excitation Temperatures 

/I 

quartz 
Light Pipes 

Channel Channel 

(Torr) 

8540 
8480 5260 5390 

310 11810 6020 

620 8510 6410 4120 
465 10326 5350 
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used because of the d i f f i c u l t y  involved i n  inserting them in to  the source and inter-  
preting the result ing data. Furthermore, any perturbation introduced by them in the 
discharge region causes devi t r i f icat ion and rapid f a i lu re  of the quartz tube. 
Optical spectrographic techniquesl2,13,14 were found t o  be applicable. 

Spectrographic observations of the plasma a t  the source and a t  two axial  posi- 
tions i n  the reaction channel were made. 
d i r ec t  the l ight  t o  a one-meter ( J a r r e l l  Ash Model 78-466) spectrograph. 
temperatures were obtained a t  the three positions and fo r  various flow conditions 
shown i n  Table 11. The discharge chamber temperature a t  310 and 465 Torr are thought 
t o  be i n  error  as a result of a discharge i n s t a b i l i t y  i n  t h i s  pressure range and the 
slow response of the s t r i p  char t  recorder. The excitation temperatures were obtained 
from Boltzmann plots of Ar I l ine  intensi t ies .  The en t i r e  o p t i c a  system (including 
the l i g h t  pipes) w a s  calibrated between 5000 and 4000 A using a tungsten ribbon f i l a -  
ment lamp. 

Aluminized quartz l i g h t  pipes were used t o  
Excitetion 

I n  the optical  measurements, the excitation temperature w a s  assumed t o  be close 
t o  the electron temperature due t o  the e f f i c i en t  energy exchange between f r ee  elec- 
trons and the  upper bound electronic  s ta tes .  
attempted using l i n e  p ro f i l e  and continuum techniques. Flasma source operating 
conditions were 114 Torr and 51 kW of r f  power. 

density calculated from the Kramers - Unsold equation fo r  continuum radiation w a s  
1.5 x’10l6 e/cm3. 

Microwave Radiometer Measurements 

XLectron density measurements were 

No l i n e  broade ing w a s  detected 
indicating t h a t  the electron densit ies were less than 1.0 x lo1 E! e/cm3. The electron 

I n  addition t o  the op t i ca l  spectrographic exci ta t ion temperature measurements 
of the plasma source the electron temperature w a s  measured using radiometric techni- 
ques. 
tinuous as the depth of the source increases, since i n i t i a l l y  the strongest l ines  
tend t o  be reabsorbed, then the weaker ones, and eventually all par t s  of the continuum 
u n t i l  the spectrum resembles a blackbody continum15. However, i n  the laboratory t h i s  
happens at bes t  over a r a the r  l imited frequency rwe. (If  t h i s  were not the case, 
radiat ive energy losses would be formidable.) 
range no l i n e  spectra are present and only continuum radiation occurs. 
plasmas with plasma frequencies above the radiometer frequency considerable reflec- 
t ion of the continuum radiation a t  the plasma-air interface occurs result ing i n  very 
low l eve l s  of radiated power. 

operated a t  8.5 GHz shown i n  block diagram form i n  Fig. 4 w a s  used16,17,18. 
operation the radiometer i s  electronical ly  switched between the plasma source and a 
standard noise source. 
combination form a 10,OOO°K calibrated blackbody temperature standard against which 
the temperature of the plasma is  compared. 
between the plasma and the standard i s  detected, amplified, and processed by the 
radiometer as follows1gt20. The signal is  passed through a balanced low-noise mixer 
I F  pre-amp combination, followed by a high gain IF’ amplifier. 
a coherent detector in synchronism with the electronic X-band switch and the output 
i s  read on a precision microvoltmeter21. 

The radiometer receiving antenna is a contoured open-ended waveguide, capped 

As is known the emitted spectrum of any homogeneous source becomes more con- 

Ordinarily i n  the microwave frequency 
In laboratory 

For the radiometric measurements a modified Dicke X-band microwave radiometer 
In  

A standard noise source and a 50 dB precision attenuator 

The difference i n  thermal radiation 

This i s  followed by 

by a similarly contoured 1.5 mm thick quartz window (Fig. 2 ) .  
oriented so that  the %plane i s  pa ra l l e l  t o  the axis of the discharge chamber, 
r e s d t i n g  i n  the smallest amount of mismatch. Because of the s m a l l  radiation 
s ignal  from the source, t h i s  mismatch w a s  tuned out. 

The waveguide is  
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To accomplish this ,  the following modifications were adopted from the  conven- 
t ional  radiometer. 
v i a  a "test loop". 
direct ly  t o  the radiometer antenna through a set of manual switches by-passing the 
remainder of the circui t ,  allowing simple transmission and reflection measurements 
t o  be made. 
through the  plasma could be measured as signal attenuation exceeded 60 dB. 
tuner closest  t o  the antenna w a s  adjusted fo r  maximum noise signal i n  the usual 
radiometer mode with the discharge owrating a t  150 Torr. 
tuned for  minimum reflected signal i n  the test loop mode t o  eliminate any reflec- 
t ions a t  the isolator.  

Provision was made t o  operate the system i n  a non-radiometer mode 
In this mode, the local  o sc i l l a to r  (L.O.) s ignal i s  passed 

Due t o  the high plasma density (Ne > 1015 e/cn3), no tr2.nSmitted Sign& 
The E/B 

The other E/H tuner w a s  

The fine adjustment of the radiometer w a s  accomplished i n  the usual radiometer 
mode with the  antenna attenuator set at maximum and the  phase and amplitude of the 
reference signal i n  the coherent detector adjusted fo r  maximum deflection on t he  
microvoltmeter. 

With the radiometer system adjusted for maximum sensi t ivi ty  and the antenna 
network tuned and matched, the radiometer was used fo r  electron temperature deter- 
mination. 
analytically as 

The radiation power incident upon the radiometer may be expressed 

P = kBT = kB (1-r) Tp = kB (1-r) ATr 

so tha t  

P 
kB (1-r) A 

Tr = 

where k = 1.38 x 10-23 joules/oK (5oltzmann's constant); B i s  the  bandwidth of the 
incident radiation (Hz); r is  the reflection coefficient due t o  the mismatch intro- 
duced by the antenna window, the quartz plasma jacket, and the w a t e r  gap;  T, Tp and 
T r  are tne effect ive blackbody temperature, plasma blackbody temperature a n d  radia- 
t ion temperature respectively; A i s  the absorption coefficient (i.e. equal t o  t h e  
emissivi.ty) which includes reflections a t  the rlasna quartz in' erf'ace znd :he ?lasl.lZ 
absorption. 

By proper matching of the radiometer antenna, r = 0. The radiation temperature 
i s  obtained by set t ing the precision attenuator i n  tne reference l eg  so t'nat Yne 
radiometer output (on the microvoltmeter) i s  nulled. I n  this way a balance is  
achieved between the plasma and reference leg signals and consequently between the 
equivalent noise temperatures of the plasma and the standard noise source. The 
decibel reading on the precision attenuator yields Tp v i a  the calibration curve 
which r e l a t e s  the equivalent blackbody temperature t o  the attenuator settin&. From 
t h i s  temperature the electron radiation temperature T r  can be obtained if A i s  
known. Tne radiation temperature equals t h e  electron temperature Te when the elec- 
trons are Mmiellian distributed. 
i n  equilibrium, a t  least i n  the LTE sense, so that  the assumption of a Maxwellian 
dis t r ibut ion is  reasonable fo r  the electrons and thus T r  is assumed equal t o  Tee 

Past measurements have shown t h a t  the plasma i s  

To r e l a t e  Tp t o  T r  (and hence Te), the emissivit ies were calculated fo r  a slab 
plasma fo r  a given discharge pressure (Pt), fraction of ionization (p) and 57,. 
these calculations the electron-ion and electron-neutral intercctions were included, 
using Appleton-Bray22 for  the former and Brown's cross section dataf3 f o r  the l a t t e r .  
For the  range of Xe between 1010 and 5 x 1016 e/cm3 and Te l e s s  than 18,00OOK, t'ne 
electron-ion col l is ions were found t o  be dominant. Representative residts from 
these computations fo r  the emissivitjr as a function of the fraction of ionization 

I n  



are given i n  Fig. 5. 
ferometer i s  used (5 x 1015 e/cm3) t o  calculate e t he  result ing electron tempera- 
ture agrees with the spectrographically measured temperature (Fig. 6). 

Reaction Channel Design 

If the electron density measured with the microwave inter-  

The reaction channel f o r  t h i s  system was designed so the plasma chemistry 
could be most easi ly  interpreted. 
reaction rates t o  be determined but not long enough for  an appreciable boundary 
layer buildup or  fo r  f u l l y  development pipe flow. A well established result of fluid 
mechanics i s  that  f o r  Reynolds numbers below 2300, flow through a channel w i l l  remain 
laminar even i n  the presence of strong disturbances i n  the flow prior  t o  its 
entrance24. 

The channel w a s  made suff ic ient ly  long fo r  

The Reynolds number f o r  the channel is 

piiD 
CL Re = 

where p = density of flow i n  channel, 
3 = average velocity, 
D = channel diameter, 
CL =vi scos i ty  of flow i n  channel. 

Using the m a s s  flow relationship rh = puA, where A = channel &oss section, 

R e - -  4Iil 
TID 

Typical operation conditions are 

i = 0.23 g/sec 
D = 0.4 cm 
p % 1.1 x 10-3 (assuming a T1/2 temperature dependance and 3000%). 

The result ing Reynolds number i s  approximately TOO indicating laminar flow. 
imentally the flow can be made turbulent by increasing the m a s s  flow ra t e  t o  
approximately 1.00 g/sec. 

The velocity prof i le  i n  the transient or i n l e t  portion of a circular  channel 
f o r  laminar flow has been investigated experimentally by Nikuradse25. Only a f t e r  
approximately 50 channel diameters downstream would the flow velocity be described 
by Hagen-Poiseville pipe flow. Using the results of Nikuradse, velocity prof i les  
a t  several s ta t ions f o r  a 1.6 cm channel are shown i n  Fig. 7. The velocity prof i le  
is shown t o  be nearly f l a t  a t  the end of the channel indicating no appreciable 
boundary layer buildup. 

Ekper- 

Target Gas Injection and Mixing 

The target gas inject ion system is  composed of a high pressure reservoir, 
regulator, pressure gauge, needle valve and supersonic o r i f i ce  mounted i n  the w a l l  
O f  the channel near the entrance. 
made of 25pm thick nickel ranging from 35 t o  200pm in diameter. 
e.?.? s i lve r  sc2dered t o  st9;lnless s t e e l  t.A%es a& mounted i n  the channel. 
is operated above the c r i t i c a l  pressure r a t io s  w P c  (upstream pressure/channel 
pressure) so  target gas injection i s  always supersonic. 
not flowing the posit ion of the first Mach disc would be 

The or i f ices  are commercially available pinholes, 
These o r i f i ce s  

The or i f ice  

If the channel gas were 

x 0.67 D 
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Figure 5 Microwave Emissivity at 8.5 GHz 

- 

- 
- 

- 
- 

- 

- 

- 

/ o ~ , - g o m  K 

h 3  

0 I I I I I 
1 r 5  10-4 1r3 10-2 10-1 

FRctim ot lmizalim 

Figure 6 Source Electron Temperature 

200 

- 
- , 

0 Radiometer Dab 
A Specvographic Data 

' I  I 
Gas - Argon 

. POWW - 48 kW 

1 

0 
Chamber Pressure (Torr) 



20 

Figure 71 Channel Velocity Profile 
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where X = Mach disc distance from orifice,  and 
3 = or i f ice  diameter. 

However, the plasma i n  the  reaction channel i s  traveling y t  sonic velocity which 
makes the mixing problem much more d i f f icu l t .  
an empirical expression fo r  the trajectory of the deflected j e t  based on exprimental  
studies. 
for  450 t o  goo range of angles between i n i t i a l  iujection flow atxi channel flow. 
centerline f o r  two dynamic pressure r a t io s  calculated from these expressions i s  
shown i n  Fig. 8 as dashed l ines.  

Shandorov20 and Ivanov27 have developed 

l%ey have investigated a range of dynamic pressure r a t io s  from 2 t o  22 and 
The 

Using the M ch d isc  location along th i s  centerline 
and Mech disc diameter given by Crist, e t  61" f47 , 

213 5 = Ob22 (Pu/Pc) , D. 
J 

where Dn = diameter of Mach disc, and 
D j  = diameter of or i f ice ,  

the Mach d isc  i s  shown superimposed f o r  a 200pm orifice.  The nature of the  flow 
after the Mach disc i s  probably f r ee  turbulent flow. 
flow is uncertain, since the channel main flow is  strongly laminar (Re % 700) and 
w i l l  eventually damp out the turbulence. 

The l ifetime of t h i s  turbulent 

From t h i s  ta rge t  gas injection andys i s ,  it is  apparent tha t  care must be taken 
i n  interpreting chemical reactions i n  the channel. 
t h i s  experiment also include mixing rates.  
density as 2. function of tm-Let molecule aensity i s  linea;- over a I c g c  y q e  !n ixk:~ 
appears to be no problem. %e mixiug could obviously be improved by 
using three injection nozzles around the circumference of the channel spaced every 
120°. 

Expansion Flow Field 

The plasma 
chamber evacuated by 141.5 p/sec vacuum pump. 
and a discharge pressure of 165 Torr, the pressure i n  the  expansion chamber is 0.26 
Torr. The channel pressure i s  maintained a t  approximately 87 Torr. These were the 
conditions a t  which most of the  present plasma chemistry experiments were performed. 
The expansion flow i s  a free j e t  fo r  which the flow f i e l d  has been substaatially 
investigated29. For the above operating conditions the f ree  j e t  expansion has a 
theoretical  Mach disc location of l2.2 nozzle diameters (4.85 cm) downstream f r o m  
the channel ex i t .  However, t h i s  theoretical  location is  based on experimental veri- 
f ica t ions  f o r  a single component gas expansion. 
location of Mach disc is only indicative of a general distance near which the real 
Mach disc i s  l i ke ly  t o  be present. 
a probable location for  the Mach disc a t  5.71 cm downstream from the channel ex i t .  
This is also the location f o r  the extractor nozzle through which the plasma sampling 
is made. 

Rate constants evaluated from 
Xowever, since the en of 'be eleciron 

This modification is  presently being incorporated. 

reactants pass from the reaction channel in to  an expansion 
For an argon m a s s  flow of 0.22 g/sec, 

Thus for a plasma, tine theoretical  

In our experiment, a v isua l  observation indicates 

As i n  the case of the Mach disc calculation, the thermodynamic, fluiddynamic 
and co l l i s ion  parameters i n  the f ree  j e t  flow f i e l d  have been calculated,from t h e  
known correlations of single component gas f r ee  j e t  experiments (Fig. 9) due i o  the 
lack of established experimental correla-cions f o r  a plasma free j e t .  

The calculated terminal Mach nunber i s  14.26 and is  located a t  X/D = 9.25 on 
the free Jet  axis (Fig. loa) ,  indicating tha t  tnere vi11 be no interference i"i-0~1 
in te rpar t ic le  coll isions a t  the extractor nozzle location at X/D = l ! t . ! L .  In the 
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Figure 9 Expansion Flow Field 
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f r ee  j e t  before the\'erminzl h:ach rxmber, ';he flox f i e l d  is  n col l is ion dominated 
1amina-r flow closely fiescribed by isentropic relations.  
the environmental pressure l eve l  (0.26 Torr) is reached a t  X / i ,  2 3 (Pt. A i n  Fig. lob).  
Penetrations of the baclGroun6 gas nolecules 'zre present further downstream: however, 
beczise of the low coi l is ion f'~eq'cli7nc;r, thc presence of t'ne bec!r,ymxfi gas i n  Ynis 
par t  of the T r e e  j e t  i s  not expected to  came significant change t o  the composition 
SaInpkd a t  the extractor nozzle by the nass spectrometer. 

{ 

, 

Calculations i n s i c e k  tha t  

The temperztL-e of the argon i n  che free j e t  reaches $:?e freezing point of 
87W a t  X/D = 7 (pt. 3 i n  Fig. 19b). 

';he col l is ions between a-gon atons become so few tha t  the chmcc of dimer formation . 
is greatly reduced. The electron density curve i n  F i g .  lob is  &so cilculated using 
isentropic re la t ions w i t ?  Y = 5/3. Based 0% ',he spectroscopically measured escita- 
t ion temperature (8500oK) i n  the dischar&e chamber and subsequent correlation i n  the 
sonic reaction channel, Zne electron density a t  the channel e x i t  is 
e /an3 and i s  calculated t o  be 9 (pt. C i n  Fig. lob) 
where the electron density measured by the microwave interferometer i s  4.2 x 1012 
e /ad (pt. C' i n  F i g .  lob). 

Thus, a-gon dimers nay be formed. Sowever, 

1.7 x 1015 
\ L.8 x 1012 e /cm3 at X/D 

The interpar t ic le  col l is ions i n  the free j e t  are an important factor i n  correl- 
ating the data  smpled a t  t h e  extractor nozzle position downstream (X/D = 14.4) with 
the composition at "&e channel exi t .  %e extent &a which the plzsma composition may 
be altered i n  the free j e t  depends on :he accumulated number of col l is ions from t h e  
channel e x i t  downward t o  the extractor nozzle. 
and most of the col l is ion between argon and neutral  reaction products, the accmukited 
number of col l is ions r i s e s  r s i d l y  i n  tihe f i r s t  nozzle diameter distance wi2h l i t t l e  
increase further domstream. Tine t o t a l  number of the thermal =ollisio%s i s  estimated 
a t  700, suff ic ient  t o  cause rotat ional  m d  vibrational transit ions,  but  not numer- 
ous enough t o  cause much excitation or ionization of the Ar atom or dissociation of 
reaction products. Also shown i n  F i g .  1 O c  is the accumulated e - Ar col l is ions f r o m  
the channel exi t .  The number of col l is ions are calculated from the established 

e - Ar col l is ions indicates an increasing trend ref lect ing a f a i r l y  constant co l l i -  
sion frequency due t o  the Flensauer-Townsend effect .  For the conditions of t h i s  
experiment it is  reasonable t o  assume t h a t  the col l is ion freqiiency between electrons 
and n e u t r a l  reaction products is  nearly the same as the e - Ar col l is ion frequency. 

the electron density is reduced by two orders of mqnitude because of isentropic 
expansion and consequently the attachment contribution i n  the frec j e t  sho-dd be 
s m a l l  compared with t h a t  i n  the reaction channel. 
electron attachment or electron ionization measurements should be performed using 
two channel lengths so it can be shown tha t  the reactions are indeed occurring i n  
the channel. 

Microwave Interferometer Measurements of Zlectron Densities 

For Ar-AI- col l is ions (Fig. lOc), 

, 
' 

, cross sections for low energy e - interactions30. me accumulated number of 

' %is means t h a t  electron attachment reactions may occur i n  the free jet. Powever, 

. I n  any case, t o  remove any doubt, 

An important parameter necessary t o  evaluate electron target  molecule reactions 
Electron densi t ies  are measured with a Ka-band (27-40 GHz) is  the electron density. 

microwave interfer0meter3~ in the f r ee  j e t  region 2.5 em fran the e x i t  plane as 
shown in Fig. 10. Open ended waveguides are used for  antennas and are located SO 

t h a t  the plasma is  jus t  outside of tine antenna near field.  An i so l a to r  is  used 
behind the  transmitting antenna t o  prevent ref lect ions due t o  plasma. scattering 
from entering tine sys'em. 
antenna so the crystal  detector behird the magic tee can be t1-d to the incident 
received s i g n a l  only and thus avoid reactive tuning due t o  the plasma path length. 
Precision phase sh i f t e r s  and attenuators are used throughout the c i r c u i t  t o  obtain 
maximum accuracy and sensi t ivi ty .  

An additional isolator  i s  placed behind the receiving 
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The electron density and electron-neutral col l is ion frequency are evaluated by 
relat ing the measured phase s h i f t  and attenuation due t o  the plasma t o  that  predict- 
ed from a plane wave analysis assuming a parabolic.electron density prof i le  for a 
given diameter shown i n  Fig. 11. This system i s  capable of measuring electron 
densi t ies  from 2 x 1010 t o  1 x 1013 e / c d .  Figure 12 shows the measured electron 
density as a function of rf generator power f o r  various argon m a s s  flow rates. 
Because the plasma is  underdense, the electron-ion col l is ion frequency i s  small 
compared t o  the interferometer s i g n a l  frequency, no appreciable attenuation occurs. 
The measured electron densi t ies  i n  the free je t  can be related t o  the electron 
densi t ies  i n  the channel as described in the preceding section. 
at the e x i t  plane of the free jet a t  a m a s s  flow of 0.22 g/sec and 57 kW of rf power 
was shown t o  be approximately 354 times higher than tha t  measured 2.5 cm further 
downstream . 

The electron density 

M a s s  Sampling System 

The ion sampling system i s  shown schematically i n  Fig. 13. The center core 
flow of the expended plasma plus target  gas reaction products i s  sampled w i t h  a 
specially designed conical extractor nozzle. 
mize boundary layer e f f e c t s  near the o r i f i ce  and prevent gas pa r t i c l e s  from being 
scattered back into the expansion plume. 
cooling i t s  mounting flange. 
between the location of the t ransi t ion zone and the Mach disc and contains a 25Opm 
o r i f i c e  through which the plasma is sampled. Mass analysis of the sampled plasma 
i s  achieved w i t h  a commercial quadrupole analyzer and ionizer (EAI l5OA) located 
behind the extractor nozzle. Ion currents from the analyzer are collected w i t h  a 
Faraday cage and measured w i t h  an electrometer. 
the quadrupole and the Fara~3.w cage is  adjusted t o  optimize the posit ive or  negative 
ion signal. 
filament and biasing supplies of the quadrupole control unit. 
i n  the system during normal operation are 0.26 Torr i n  the expansion region and about 
2 x Torr i n  the analysis region. 
using SF6 t a r g e t  molecules is shown i n  Fig. 14. 

!Be cone angles of the extractor mini- 

The extractor i s  conduction cooled by water 
The extractor t i p  i s  located i n  the expansion region 

Biasing on t h e  input electrodes t o  

Neutral species detection is accomplished by activating the internal 
Background pressures 

A sample of posit ive and negative ion data  

Interpretation of Experimental Measurements 

Chemical rates f o r  various kinds of reactions can often be evaluated by the use 
of a forward rate  dominated model. 
r a t e  constant at temperature T is given by 

For a forward dominated 2nd order process, the 

where N = i n i t i a l  reactant number density, 
N(t7 = reactant number density after react ingth t, and 

n = target molecule number density. 

This forward r a t e  dominated model assmes t h a t  the reactant number density de- 
plet ion i s  due solely t o  the reaction of interest .  
axe observed by the m a s  spectroaster, care nust be exercised i n  using t h i s  model 
and i n  general t h e  measured reaction r a t e  w i l l  be an aver= f o r  all the reactions 
ob served. 

I f  more than one n e w  species 

Reactions involving the plasma f r ee  electrons are of ten of major interest  i n  
the study of Plasma chemistry. 
density and N(t) is  the  electron number density after reacting f o r  t i m e  t; K(T) is 

I n  this C a s e  No @comes the i n i t i a l  electron number 



25 

Figure 11 Electron Density (N) - Collision Frequency (V) Contour Plot 
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Figure 12 Measured Electron Densities 
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evalua"ted from tine preceding equation. Therefore, t h i s  measurenent technique pro- 
vides a method for  obtaining electron reaction r a t e  constants at readily controllable 
temperatures. 
electron reaction cross sections CJ(T,E)~~ by 

This ra t e  constant can be compared t o  the tneoret ical ly  predicted 

m 

where f(E) = electron energy distribution, and 
= electron mass. 

I 

Since many investigators have found t ha t  the electron dissociative attachment cross 
section for  some target  molecules increases s ignif icant ly  with the t a rge t  molecule 
temperaturel,Z, the experimental apparatus described i n  t h i s  paper w i n  extend these 
measurements t o  higher temperatures. 

( 

As an example, the dissociative attachment r a t e  constant f o r  

L$O f e - Nr f 0- 
sF6 + e --- SFs + F 
sF6 + e + P F 2 - v  SF5 + F 

are evaluated a t  3000%. Electron temperatures fo r  the experiment are assumed to be 
equal t o  the A r  excitation temperatures measured spectroscopically. 
ities measured with tine microwme interferometer and negative ion densities measured 
witin the m a s s  spectrometer are shown i n  Figs. 15 and 16. Note t h a t  f o r  N20 the r a t e  
of decrease of electron density approximately equals the rate of increase of negative 
ions. 
i s  usually much greater  than the electron number density ( L e .  n 8 ?io) and the equa- 
t ion for  the second order rate reduces t o  

Electron dens- 

Since the plasma is less than 1s ionized the target molecule number density 

1 NO K(T) = - Pn - 
n t  N(t) 

From a p lo t  of i n  No/N(t) as a function of n, t K(T) i s  evaluated. 

The init ial  rate of increase of the F- and S T  is used to evaluate the rate 
constants when using sF6 as a target  gas. 
ate the forward reaction rates  because so few reaction products are formed a t  the 
low target  gas mole fractions and consequently no appreciable reverse reactions 
appear. Wasured reaction rates fo r  various electrophi l ic  target molecules are 
shown i n  Tab le  I11 fo r  a gas temperature of 3000%. 

Initial slopes are usually used t o  evalu- 

Conclusions 

A system has been developed f o r  the measurement of chemical kinet ics  i n  high 
temperature plasmas. masma temperatures and electron densi t ies  have been measured . 
i n  the reaction region. 
Direct measurements of reaction products including both posit ive and negative ion 
species and free electrons have been achieved. 
fo r  several  e lectrophi l ic  target  molecules have been calculated from the negative ion 
signals a t  a reaction temperature of 3 W ° K .  
atudies w i l l  be necessary t o  extend the measured attachment rates over a broad temper- 
ature range for  comparison with data obtained by other investigators. 

Reaction temperatures from 1000 t o  3OOOOK have been attained. 

Electron attachment r a t e  constants 

Pdditional experimental attachment 

Preliminary 
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Estimated Rate x l o l l  
(cm3/part.sec.) Probable Reaction 

4 

Table 111 Measured Reaction Rates (Tg = 3000K) 

Ar+ t H2--ArH+ + H 
e + N20-0- + N2 
e + Brz-- Br"+ Br 

e + SFg- F' + SF5 
e + SF6--SFi--$F5 + F 

J 

6.3 A t  Decay 

18 0 - Increase 

13 Br - Increase 

' 142 F - Increase 

140 SFj- Increase 

i 
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Figure 15 Electron Density and 0’ Intensity 

1001 I I I I I I I 1013 

\ 

N20lAr 

Figure 16 Negative Ion Intensity and 
Electron Density Using SF6 Target Molecules 

\ 



results indicate that the electron attaclunent ra tes  measured a t  3000OK can d i f f e r  
significautlv from those measured at lower temperatures. 
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PRESSURE EFFECT ON PRODUCT SELECTIVlTIES .IN THE PYROLYSIS 
OF METHANE I N  AN ARC-PLASMA HEATER 

C. Hirayama 
M. G. Fey 
F. E. Camp 

Wes tinghouse Research Laborator ies  
P i t t s b u r g h ,  Pennsylvania 15235 

INTRODUCTION 

There have been a number of  e l e c t r i c  a r c  processes  repor ted  f o r  t h e  
conversion of  hydrocarbons t o  ace ty lene  and a s s o c i a t e d  products .  To da te ,  only 
two o f  t h e s e  processes have been adapted t o  commercial scale product ion o f  
acetylene.  
hydrocarbon feed s t o c k  i n  a d i r e c t  cur ren t  arc. 
h e a t e r  i n  a s w i r l i n g  p a t t e r n  so as t o  a i d  i n  r o t a t i n g  t h e  a r c .  
carbon was a l s o  i n j e c t e d  downstream of  t h e  h e a t e r  nozzle  as t h e  i n i t i a l  quench. 
More r e c e n t l y ,  the feed  s t o c k  hydrocarbon has  been i n j e c t e d  i n t o  a hot  hydrogen 
plasma2 i n  order  t o  reduce t h e  carbon content  i n  t h e  product .  2) The DuPont 
process3 (present ly  not  i n  use4) u t i l i z e d  a direct  cur ren t  a r c  s i m i l a r  t o  Huels' ,  
b u t  w i t h  a magnetic r o t a t i o n  of t h e  arc. In t h i s  process ,  t h e  plenum was 
maintained below atmospheric  pressure .  The Huels process ,  a l though not so 
s t a t e d  i n  t h e  publ ished l i t e r a t u r e ,  presumably cracked t h e  hydrocarbon a t  
atmospheric ( o r  h igher )  pressure .  Unless t h e r e  i s  use f o r  t h e  carbon from 
these  p y r o l y s i s  processes ,  i t  is imperat ive t h a t  t h e  s o o t  content  i n  t h e  product 
b e  minimized. 

1 )  The o r i g i n a l  Huels flaming-arc process1 i n  Germany pyrolyzed a 
The gas was introduced i n t o  t h e  

A heavy hydro- 

F o r  most p r a c t i c a l  p l a n t  p r a c t i c e ,  i t  i s  d e s i r a b l e  t h a t  t h e  pressure  of t h e  
product gas from t h e  h e a t e r  be as high as poss ib le .  This  would minimize t h e  
compression necessary f o r  e f f i c i e n t  absorp t ion  of  ace ty lene  from t h e  cracked gas 
i n  t h e  s e p a r a t i o n  p l a n t .  
chamber tends t o  y i e l d  h i g h e r  carbon; conversely,  lower p r e s s u r e  reduces t h e  
carbon y i e l d .  For example, t h e  DuPont process ,  which repor ted ly  operated a t  
400 torr  i n  t h e  plenum, y i e l d e d  only about t h r e e  percent  of carbon, whereas the  
ear l ier  Huels process  y i e l d e d  approximately twenty percent  carbon. 

It is known t h a t  h igher  pressure  i n  t h e  c racking  

We here  report  t h e  e f f e c t  on ace ty lene  s e l e c t i v i t y  of  p r e s s u r e s  between 
one a n d  seven atmospheres i n  t h e  e l e c t r i c - a r c  h e a t e r  r e a c t i o n  chamber when 
methane is pyrolyzed. 

EXPERIMENTAL 

5 The e l e c t r i c - a r c  h e a t e r  of 3000 k i l o w a t t s  has  been descsibed previous ly .  
However, f o r  the  present  experiments, t h e  h e a t e r  w a s  opera ted  i n  t h e  s e l f -  
s t a b i l i z i n g ,  high-flow mode on a.c. power, as descr ibed by Fey.6 S u f f i c e  i t  
t o  r e p o r t  h e r e  t h a t  t h e  chemical d a t a  obtained on t h e  present  a r c  h e a t e r  and 
t h a t  r e p o r t e d  by Fey a r e  similar. 

T e s t  Condi t ions 

.Methane of C.P. grade (98.6% CH4, 0.2% C H 1.1% N2, 0.1% 02) was d e l i v e r e d  
t o  t h e  h e a t e r  from a p r e s s u r i z e d  tube-trai ler :  gAd was metered through a c r i t i c a l  
flow o r i f i c e .  
r e s i d e n c e  volume of t h e  h e a t e r  chamber w a s  0.6 f r .3 .  

The gas w a s  in t roduced to  t h e  h e a t e r  a t  room temperature. The 



33 

5 
The gas samples  a t  t h e  h e a t e r  nozzle  were c o l l e c t e d  as previous ly  descr ibed 

wi th  a water cooled copper probe of  1/8 inch i . d .  
p a r t  /I51383 f i b e r  f i l t e r  f i t t e d  i n t o  a g lass  v e s s e l )  was i n s e r t e d  before  t h e  
sample manifold. 

A carbon f i l t e r  (Puro la tor  

The chemical ana lyses  of t h e  product gas  were obta ined  by mass 
) spectrometry. 

During a run, t h e  power l e v e l  was var ied  over s e v e r a l  s t e p s  by changing t h e  
gas flow r a t e  and/or by changing t h e  a r c  power. A product gas sample a t  each 
s t e p  was c o l l e c t e d  a f t e r  t h e  d e s i r e d  a r c  power l e v e l  became s t .ab i l ized .  The 
e l e c t r i c a l ,  flow and pressure  d a t a  were cont inuously recorded on a Honeywell 
Model 1612 v i s i c o r d e r .  

The pressure  i n  t h e  a r c  chamber was  c o n t r o l l e d  by an 8" long  c y l i n d r i c a l  1 ' 
I r a t e .  The o r i f i c e  diameter v a r i e d  from 1.06 t o  3.00 inches .  The h e a t e r  chamber 

g r a p h i t e  i n s e r t  f i t t e d  i n t o  t h e  h e a t e r  nozzle .  D i f f e r e n t  p r e s s u r e  l e v e l s  were 
obtained by i n s e r t s  of d i f f e r e n t  o r i f i c e  diameters  and by vary ing  t h e  gas flow 

pressure  w a s  measured by i n s e r t i n g  a c a l i b r a t e d  t ransducer  i n t o  t h e  end-plug of 
t h e  hea ter .  

RESULTS 

Table I summarizes t y p i c a l  opera t iona l  c h a r a c t e r i s t i c s  of  the a r c  h e a t e r .  ' The arc power l e v e l  v a r i e d  from 1 t o  2 .5  megawatts, with a thermal e f f i c i e n c y  
approaching 90%. The methane mass flow rate was a s  high as 0.78 l b s / s e c ,  and 
the  enthalpy of  t h e  gas  varied from approximately 1300 t o  4000 Btu/ lb .  
p r e s s u r e  i n  the  h e a t e r  chamber v a r i e d  from atmospheric  t o  87.9 p s i g .  

The 

I Table I1 summarizes the  molar composition of  t h e  product a t  condi t ions  
corresponding t o  t h e  opera t ions  shown i n  Table I. 
made on t h e  b a s i s  of t h e  C/H r a t i o s  o f  t h e  feed  and of t h e  product  gas. 
r e s u l t s  i n  Table  I1 are s l i g h t l y  i n  error s i n c e  a smal l  amount o f  t h e  product 
was  adsorbed on t h e  t rapped carbon i n  the f i l t e r .  This w a s  evidenced by an 
aromatic  odor of t h e  carbon sample. However, t h i s  e r r o r  i s  less than f i v e  
percent ,  as shown by a s e p a r a t e  test i n  which t h e  feed  gas  was doped wi th  2% 
argon as a m a t e r i a l  ba lance  probe. 

The material ba lance  w a s  
The 

The concentrat ion o f  ace ty lene ,  C, i n  t h e  product w a s  f i t t e d  t o  var ious  
/ func t ions ,  f(P/H), where P i s  t h e  h e a t e r  chamber pressure  i n  atmospheres, and H 

t h e  enthalpy,  i n  Btu/ lb ,  i n t o  t h e  feed s tock.  The b e s t  l i n e a r  c o r r e l a t i o n  
obtained w a s  of t h e  form log  C = A - B m ,  where A and B are cons tan ts .  
shows the p l o t  f o r  a l l  of  t h e  d a t a .  
high a. 

Figure 1 
The s c a t t e r  i n  t h e  d a t a  was g r e a t e r  a t  

Table 111 shows t h e  o v e r a l l  conversion (percent  r e a c t i o n )  o f  t h e  methane i n  
t h e  f i r s t  column. A s  shown i n  Figure 2 f o r  a l l  of t h e  c o l l e c t e d  d a t a  a t  atmos-  
pher ic  and f o r  higher  pressures  i n  this experiment, t h e  conversion i n c r e a s e s  
almost l i n e a r l y  with the  enthalpy. 

'\ 

Table I11 a l s o  shows the  carbon m a t e r i a l  ba lance  i n  columns 2 t o  10. Note 
The last  column i n  t h i s  t h e  r e l a t i v e l y  l a r g e  amount of methane i n  t h e  product. 

t a b l e  shows t h e  s p e c i f i c  energy requirement (SER) f o r  ace ty lene  product ion under 
t h e  condi t ions reported here in .  A t  atmospheric pressure ,  runs 1 t o  3 ,  t h e  SER 
remains approximately cons tan t ,  around 4.0 kwh/lb C H , a t  e n t h a l p i e s  of  2100 t o  
3650 Btu/ lb .  
5 kwh/lb C2H2. 

A t  p ressures  between 4 and 22 p s i g  t h z  2SER's a r e  below 
The ace ty lene  c o n c e n t r a t i o n s ' i n  t h e s e  i n s t a n c e s  ( runs 4 t o  8 ) ,  
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however, are low because of  t h e  l o w  e n t h a l p i e s .  A t  h igher  pressures ,  t h e  SER 
increases  as a r e s u l t  of  i n c r e a s i n g  carbon y i e l d .  

Table I V  shows t y p i c a l  s e l e c t i v i t y  ( y i e l d )  values ,  arranged i n  t h e  order  of  
i n c r e a s i n g  pressure  i n  the h e a t e r  chamber. 
Table  I11 by dividing t h e  r e s p e c t i v e  q u a n t i t i e s  i n  columns 3 t o  1 0  by t h e  quant i ty  
i n  t h e  f i r s t  column. 
are h igher  than c a l c u l a t e d  on t h e  b a s i s  of t h e  C/H r a t i o  ( see  below)). 
3 show t h e  e f f e c t  o f  i n c r e a s i n g  temperature on t h e  s e l e c t i v i t i e s  at atmospheric 
pressure.  
temperature  increases .  As t h e  pressure  increases ,  t h e r e  i s  a t r e n d  toward 
decreasing ace ty lene  and d iace ty lene ,  whi le  t h e  ethylene,  benzene and carbon 
y i e l d s  tend t o  increase .  The methylacetylene y i e l d  remains near ly  cons tan t  w i t h  
pressure.  Figure 3 shows t h e  c o r r e l a t i o n s  between t h e  ace ty lene  and carbon 
s e l e c t i v i t i e s  with pressure.  
in t h i s  f i g u r e .  The scatter of t h e  d a t a  p o i n t s  a r i s e s  i n  p a r t  from t h e  v a r i a t i o n  
o f  enthalpy encountered i n  these runs. 
w i t h  a linear c o r r e l a t i o n ,  S = 79 - 0.44 P, where S is t h e  s e l e c t i v i t y  ( i n  mole 
percent )  and P the a b s o l u t e  p r e s s u r e  ( p s i a ) .  The carbon s e l e c t i v i t y  is a non- 
l i n e a r  func t ion  of t h e  pressure .  

DISCUSS ION 

(These va lues  are obtained from 

The selectivities are a c t u a l l y  low s i n c e  t h e  conversions 
Runs 1 t o  

There is a s i g n i f i c a n t  increase  i n  carbon y i e l d  as the pyro lys is  

Note t h a t  t h e  p r e s s u r e  has  been cor rec ted  to  p s i a  

The ace ty lene  s e l e c t i v i t y  is b e s t  f i t t e d  

In an e l e c t r i c  arc process ,  t h e  ace ty lene  i s  formed from the hydrocarbon 
pr imar i ly  a t  t h e  high temperature  around t h e  arc column. The product is then 
r a p i d l y  quenched as i t  mixes w i t h  more feed gas. A t  t h e  high flow rates 
repor ted  here ,  the ace ty lene  is more o r  less f rozen  a s  i t  is swept out  of t h e  
h e a t e r .  Within t h e  h e a t e r  chamber, however, t h e  ace ty lene  could polymerize. In 
t h e  h e a t e r ,  there  are r e g i o n s  of very high temperature  where l o c a l  thermodynamic 
equi l ibr ium exis t s .  Consequently, s o l i d  carbon w i l l  always be a product. It is 
w e l l  t o  remember, however, that cracking o f  a gas in an electric arc h e a t e r  i s  
considerably more complicated than t h a t  i n  an i so thermal  system a t  t h e  same 
enthalpy. There i s  cons iderable  l o c a l  temperature inhomogeneity i n  an e l e c t r i c  
arc system. 

The conversion of methane t o  ace ty lene  and to  u l t i m a t e  products is genera l ly  
be l ieved  t o  follow a path7: 

CH4 -+ kl C2B6 -f k2 C2H4 + k3 C2H2 t4 polymers +. carbon. 

The r a t i o  of  [C2H6] to  [CH4] is very small, because of t h e  l a r g e  k2, so t h a t  
e thane  is o f t e n  not  d e t e c t e d  i n  t h e  p y r o l y s i s  product from methane. 
i s  converted t o  ace ty lene  by a monomolecular process  whereas t h e  ace ty lene  i s  
polymerized t o  its product  by a bimolecular  process .g  One of  the polymerization 
products  o f  acetylene i s  d iace ty lene ,  which decomposes i n  a manner very s i m i l a r  
t o  acety1ene.l '  
carbon. 

The e thylene  

The d i a c e t y l e n e  f u r t h e r  polymerizes t o  u l t imate ly  y i e l d  
A t  temperatures above 1000°C, a l l  of  t h e s e  r e a c t i o n s  are very rapid.  

It is not  s u r p r i s i n g  t h a t  both t h e  ace ty lene  and d iace ty lene  s e l e c t i v i t i e s  
decrease wi th  increas ing  p r e s s u r e  s i n c e  t h e  decompositions of  b o t h  compounds 
are s i m i l a r  bimolecular processes  whose r a t e s  of  r e a c t i o n  vary as t h e  square  of 
t h e  p r e s s u r e . l l  It is apparent  from t h e  d a t a  i n  Table  I V  t h a t  t h e  ace ty lene  
decomposition is much more s e n s i t i v e  t o  increas ing  pressure  than i s  t h e  mono- 
molecular reac t ion  by which t h e  ace ty lene  is  formed from ethylene.  
r e a c t i o n  ra te  v a r i e s  on ly  as t h e  f i r s t  power of  t h e  pressure.  

The latter 
The i n c r e a s e  i n  
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Fig. 3 -Acetylene and carbon selectivity as function 
of chamber pressure 



carbon y i e l d  with pressure i s  t o  be  expected s i n c e  t h i s  is t h e  u l t i m a t e  
decomposition product from acetylene,  and t h e r e  is  a s i g n i f i c a n t  decrease i n  t h e  
C H w i t h  pressure.  The increase  i n  benzene y i e l d  w i t h  pressure  is  c o n s i s t e n t  
w ? t &  t h e  mechanism suggested by C u l l i s  and Frankl in12 f o r  t h e  formation Of t h i s  
spec ies .  
ment with t h e  k i n e t i c  results reported by t h e  above authors .  

A l l  of the  v a r i a t i o n s  i n  y i e l d  with p r e s s u r e  are i n  q u a l i t a t i v e  agree- 

The r e l a t i o n s h i p  between t h e  ace ty lene  concentrat ion and t h e  enthalpy,  as 
shown i n  Figure 1, is  c o n s i s t e n t  w i t h  t h e  Arrhenius law. However, t h e  exac t  
s i g n i f i c a n c e  of the  c o r r e l a t i o n  between t h e  ace ty lene  concentrat ion and fi is not 
known. 
t i o n  of ace ty lene  a t  increas ing  pressures  i s  obviously complex. 
the  t rend  of decreasing acetylene wi th  increasing, pressure  is i n  q u a l i t a t i v e  
agreement wi th  t h e  k i n e t i c s  of ace ty lene  decomposition. 

The k i n e t i c s  of t h e  competing r e a c t i o n s  f o r  t h e  formation and decomposi- 
Nevertheless ,  

Methane is one of t h e  decomposition products  o f  ace ty lene  10'12 and can 
become a s i g n i f i c a n t  product. 
t h a t  c a l c u l a t e d  from t h e  C/H r a t i o .  
ace ty lene  s e l e c t i v i t y  does t h e  cont r ibu t ion  of regenerated methane become 
s i g n i f i c a n t  i n  t h e  o v e r a l l  product concentrat ions.  Unfortunately,  t h e  exac t  
amount of  regenerated methane i s  not  known, so  t h a t  t h e  o v e r a l l  conversion cannot 
be cor rec ted .  

Therefore, t h e  a c t u a l  conversion i s  h i g h e r  than 
Espec ia l ly  at high pressure  and low 

For a v i a b l e  acetylene process  i t  is apparent  t h a t  the p r e s s u r e  i n  t h e  

On t h e  o t h e r  hand, i f  t h e  carbon content  
r e a c t i o n  zone should be as low as p r a c t i c a l  i n  order  t o  increase t h e  C H y i e l d  2 2  
and t o  decrease t h e  s o o t  content. 
can be economically reduced, f o r  example by downstream i n j e c t i o n  of steam 
without  s e r i o u s l y  a f f e c t i n g  t h e  ace ty lene  y i e l d  o r  by absorpt ion i n  heavy o i l ,  
operat ion around atmospheric pressure  would y i e l d  ace ty lene  a t  about  
4 kwh/lb C H Should t h e  carbon be a des i red  by-product, t h i s  e l e c t r i c  arc 
process  wo6d'become a t t r a c t i v e .  

CONCLUSION 

The ace ty lene  s e l e c t i v i t y  from t h e  electric arc p y r o l y s i s  o f  methane 
decreases  l i n e a r l y  with pressure.  Consequently, t h e  carbon y i e l d  is increased  
s i g n i f i c a n t l y  as t h e  pressure  increases  above one atmosphere. 

1. 
2.  
3. 
4. 
5. 

6. 
7. 

8. 
9. 

10. 
11. 

1 2 .  

REFERENCES 

H. Gladisch, Hydroc. Proc. h P e t .  Ref. 41, 159 (1962). 
H. Gladisch, Chem.-Ing. Tech. 41, 204 (1969). 
R. A.  Schulze, Chem. h Ind. 2, 1539 (1968). 
Anon., Chem. Engineering, May 20, 1968, p. 71. 
C. Hirayama and D. A. Maniero, P r e p r i n t s  of papers presented,  Div. of Fuel  
Chemistry, Am. Chem. SOC.,  Vol. 10, No. 1, pp. 123-132, March 1966. 
Paper presented, Am. Chem. SOC., Fuel  Chem. Div., Chicago, Sept .  1970. 
e .g . ,  S. A. Miller, "Acetylene, Its P r o p e r t i e s ,  Manufacture and Uses," 
Vol. 1, Academic Press, New York, p. 373. 
G. B. Skinner and E. M. Sokolski, J. Phys. Chem. 64, 1028 (1960). 
H. B. Palmer and F. L. Donnish, J. Phys. Chem. 68, 1553 (1964). 
K. C. Hou and H. B. Palmer, J. Phys. Chem. 9, 863 (1965). 
0. A. Hougen and K. M. Watson, "Chemical Process  P r i n c i p l e s , "  p a r t  3, 
John W i l e y  & Sons, New York, 1947, pp. 832-839. 
C. F. C u l l i s  and N. H.  Frankl in ,  Proc. Roy. SOC. 1964, 139. 



42 

THE HEATING OF SOLIDS IN HIGH TEMPERATURE PLASMA 
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INTRODUCTION 

Until recently, processing of solid particulate matter in  plasma systems 
has been thermally inefficient, with systems capable of handling only small 
feed rates .  The economic implications of this were  overwhelming, and retarded 
the development of commercial scale plasma heating processes.  The actual 
direct  c o s t  of energy was only a small part of the total cos t .  The major detri- 
ment lay in the high capi ta l  costs  of energy conversion equipment which would 
be required for a thermally inefficient process.  

Within the past  two years we have culminated a 10 year effort and 
achieved a major upgrading of plasma generator solids heating capability. A 
pilot plant has been in  operation for over two years,  producing commercial 
quantities of materials , with processing capabili t ies over 1000 lbs/hr. and 
powder s i z e s  up to 1000 microns. Power requirements have been dramatically 
reduced. 

SYSTEM PERFORMANCE 

The TAFA/Ionarc plasma furnace, in operation since 1968, has achieved 
eff ic ient  heat affectation of solid particles on a large sca l e .  We have found 
the most logical measure of particle heating performance to  be the spheroidizing 
capability of the system. Performance measurement works as follows. The 
plasma system is turned on and adjusted to  the desired power level, s a y  1000 
kW. A 300 pound sample is then fed through the plasma column at a fixed 
rate.  A series of t e s t s  are performed in this manner with a l l  parameters except 
feed rate held constant .  The particles are allowed to cool and solidify while 
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still in  flight. The product is then collected,  screened, and the various frac- 
tions run over the sphere separation table shown in Figure 1. These measure- 
ments give a complete picture relative t o  the heat affectation capabili ty of the 
device operating under the test conditions. The spheroidization process is a n  
automatic one; if the particles become molten, surface tension pulls them into 
a spherical  shape. Melted particles below 150 microns are almost all spherical  
upon passing through a device. As the particle size increases above 150 microns, 
careful product analysis reveals a gradual increase in the number of egg shaped 
particles and non-perfect spheres in the product. This is undoubtedly caused by 
the large m a s s  of the particle and the associated distortion forces as compared 
with the surface tension forces. If a feed stock below 150 microns is uti l ized, 
essent ia l ly  100 percent spheres  are achieved under conditions adequate to m e l t  
all particles. Therefore, feed stocks in  this s i ze  range are used when evaluating 
the spheroidizing capability. The performance measurement then is one of 
continually increasing the feed rate through the device in a ser ies  of tests and 
measuring the decreasing number of spheres formed. With such data  it is e a s y  
to determine the minimum kWh/lb. of feed stock which achieves complete 
melting of all the particles. It has  been observed that this is a reproducible 
number which c a n  be compared with similar data generated with different feed 
injection techniques, power levels ,  apparatus geometries, feed stock size, 
feed s tock composition, etc. Figure 2 shows zircon sand (zirconium sil icate) 
which has  been spheroidized. The illustration shows particles below 150 
microns which have been processed a t  1 kWh/lb. Note that they are  all 
spherical .  In Figure 3 ,  the polished cross sections show that  the spherical  
particles have been melted throughout. On the other hand, larger particles,  
such as the 300 micron particle shown in Figure 4 ,  are not completely spherical. 
The center  core h a s  not been heated to 177SoC, which is the dissociation temp- 
erature of zircon.' This  is clearly seen  in Figure 4 ,  where clear ,  g l a s sy  
zircon can  be seen  in the center  surrounded by a completely dissociated mixture 
of zirconium oxide and silica. 

We feel that by this performance measurement technique we can accu- 
rately compare various plasma systems and their particle heating capability. 
We have been intensively active in this field since 1956 and have compared a 
variety of plasma torches using this technique. Typically, a conventional d c  
spray torch, shown in Figure 5 ,  exemplifies the d c  plasma torches used for 
particle heating. Powder is injected downstream of the arc  foot point to pre- 
vent contamination-of these areas .  Much of the thermal impact of such  a device 
is lost because the particles cannot be passed through the arc and thereby take 
advantage of the temperatures in this region, which are often twice that of the 
tailflame where particles are injected. It is recalled that the thermal radiation 
from hot gas  is a function of the fourth power of the temperature; therefore, much 



Figure 1. Table for Separating Spherical Powders 
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Figure 2.  Typical Zircon Product AS 
Removed from Furnace 
Without Upgrading. 

Ir-al 
2 0 0,uM 

Showing Degrees of 
Heat  Affectation 

Figure 3 .  Typical Zircon Product 

Section in  oblique,  reflected l ight 
shows dissociated mixture (white) 
with cores  of residual Z s i 0 4  (gray, 
translucent) 
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Figure 4. Partially Dissociated 300 Micron Zircon 
Furnace Product 

T h i s  par t ic le ,  in  partially polarized transmitted l ight ,  
shows a core of residual ZrSi04, with rim of mono- 
clinic Zr02 (fibrous) and cubic Zr02 (black).  The 
reason for the black color of the cubic  Zr02 phase is 
explained by the exceedingly f ine  grained nature and 
the high index of refraction of cubic Zr02 resulting 
i n  total  reflection of the light. In reflected l ight this  
phase would be perfectly white.  Note the sequence 
ZrS io4, monoclinic Zr02, cubic  ZrOZ , indicating 
formation of monoclinic ZrO2 ahead of cubic  Zr02. 
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more particle heating capabili ty is lost  than is apparent from conductive heat 
transfer calculations.  Our measurements would indicate radiant energy is the 
dominant factor in heating particles. 

We therefore feel ,  on the basis of comparing the performance of a 
variety of devices ,  that  we have achieved a dramatic improvement in solids 
handling capability with the plasma heater. This manifests i tself  in  two ways: 
f irst ,  a much higher themal efficiency (0 .5  - 1.5 kWh/lb.) for such materials 
as zircon, ilmenite , aluminum oxide, and most metals.  This is' to be compared 
with energy requirements of 5 - 10 kWh/lb. which were typical of previously 
available devices.  Secondly, w e  have achieved reliable sca l e  up, which has  
permitted the design and operation of a reliable 1000 kW-1000 lb/hr. system, 
illustrated in  Figure 6.  This is to be compared with previous systems which 
operated in the 1-10 Ib/hr. range and with which most investigators have worked. 
Units can be easi ly  duplexed, and it would appear that further s c a l e  up will not 
be difficult. In fact, thermal efficiency seems to improve, as  might be expected, 
as the scale  of the apparatus is increased. Powder melting c o s t s  with such a 
device,  including a l l  operating c o s t s ,  plant amortization, and labor are i n  the 
range of $0.06/lb. a t  the 1000 k W  level.  Projected cos t s  are as low a s  $0.01- 
0.02/lb. in the range of 10,000 kW. A third advantage of our present system is 
i ts  ability to operate with almost any gas  environment, including hydrogen, 
oxygen and chlorine. This has permitted us  to subject  molten particles to a n  
almost unlimited number of reducing, oxidizing and reactive environments. 
Conventional gas-solid reaction kinetics2 continue to govern. However, with 
the molten particles i t  appears that  liquid turbulence may be considerable and 
complete particle reaction c a n  be achieved in many systems with particles 
below 100 microns. Iron ore is a good example of this.  We have achieved 
nearly complete reduction in one p a s s  through the device a t  power levels below 
2 kWh/lb, even though the  reaction i s  endothermic. 

One can vaporize a considerable portion of the feed s tock by increasing 
the kWh/lb. This gives the obvious advantage in some chemical reactions of 
creating a vapor for reaction with the environment. Under such circumstances 
the solid feed could be recycled until  consumed. The power consumption for 
vaporization, however, would be i n  the  range of two to seven times the power 
consumption required for spheroidizing, thus limiting such an application to  
relatively high priced materials. We have estimated the c o s t  of producing 
fumed s i l ica  by such.a  technique, passing beach sand through the plasma and 
vaporizing 10-20 percent of it. Operating and amortization c o s t s  are in the 
range of $0.15/lb. An interesting by-product is produced in this case:  c lear ,  
amorphous s i l ica  spheres ,  which can be used as reflective beads in the sign 
and pavement lining industry. The advantage of s i l ica  over g l a s s ,  which is 
used a t  present,  l i e s  in  the superior reflectivity of s i l ica .  
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The hybrid particle heater ,  i n  which commercial scale  activit ies are 
carried o u t ,  might be applicable or adaptable to the  treatment of coal particles. 
The already promising economic picture derived from the work of Krukonis and 
co-workers for the Office of Coal Research might be made even more favorable. 3 

The specific geometry of our hybrid particle heater i s  company confi- 
dent ia l ,  however, we have made this system available to industry on a variety 
of business arrangement bases .  

CONTINUOUS MONITORING 

One application of sol ids  heating which is quite interesting and timely 
is the determination of sulfur in  coal  and various ores.  This can be either a 
pollution oriented or process control application and operates on the principle 
of instantaneous and complete oxidation of the tes t  material, which is fed 
continuously into an  oxygen plasma. Spectrographic or chromatographic 
techniques may be used t o  a s s a y  the resulting oxides. 

ORE PROCESSING 

The spheroidization-dissociation phenomena described previously for 
zircon, which is the starting material for the zirconium oxide industry, typifies 
one of the applications of the plasma generator to ore processing. We have 
developed a complete flow shee t  for the economic produqtion of zirconium 
dioxide via the plasma route. This involves the dissociation of zircon ore 
(zirconium sil icate) to zirconium dioxide and s i l i ca ,  followed by conventional 
hydrometallurgical processing of the dissociated product to various purities 
of zirconium dioxide. A variety of purities have beep produced, ranging from 
70 percent to ultrapure, hafnium-free nuclear grade materlal. It appears that 
the process h a s  some economic'advantages. Large samples of some of the 
grades have been produced and are in the  hands of end users for evaluation. 

INDUCTION PLASMA HARDWARE 

We have been act ive in  the development of induction plasma heating 
systems for approximately 10 years.  It is recalled that  the induction plasma 
generator, shown in Figure 7 ,  uses an  intense electromagnetic field to heat 

I .  
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gases  without hot  electrodes.  The bas i c  advantages of the system, from the 
standpoint of heating so l id s  and gases ,  include absolute freedom from 
contamination, since no  electrodes are used and all containing materials can 
remain a t  water cooled temperatures. Second, the Containing wal ls  can be 
constructed of almost any  material, ranging from quartz to nickel,  hence,  
reactive gases  can be handled with e a s e .  Third, the device produces 
relatively large arc diameters (6-12 inches at 1000 kw). These large diameters 
result in velocities as low as 1-2 ft/sec and concomitantly long residence 
time. The simple gas  mixing system of the induction plasma holds many 
advantages for performing chemical reactions. Moreover, performance h a s  
been improved i n  several areas recently to make the system even more 
attractive.  A description of some of these improvements follows. 

1.. Power Density 

Initially, plasma generators were constructed with quartz 
wal ls .  Water cooling of the quartz w a s  then added. This wall 
construction, however, was limited to  power densi t ies  corres- 
ponding to the containment of diatomic gases  at a maximum 
enthalpy of 7000 Btu/lb. Recently, segmented water cooled 
metal wal ls  of t he  type shown in Figure 8 have been developed 
and  operated a t  power levels up .to 1000 kW. Diatomic gases 
at enthalpies of 40,000 Btu/lb. are successful ly  contained 
within these  structures.  

More recently,  permeable wal ls  have been utilized. 
This technique involves transpiration of a gas through the 
containing wal l  of the induction arc. This appears to have 
two advantages;  first, essent ia l ly  eliminating the wall  heat  
l o s s  t o  the device,  which normally removes 20-30 percent 
of the input power; and second, preventing build-up of 
reactants and reaction products on the wall .  

2. Pressufe 

Recently, torches have been operated at .pressures  i n  
the range of 1000 psi .  Previous to this only 1-2 atm. oper- 
ation had been demonstrated reliably. This development 
should widen applications in the chemical industry. 
Reactions in which yields improve with increasing pressure, 
such as nitrogen fixation4, may become economically 
attractive. 
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Figure 8.  6" Diameter Metal Wall  Induction 
Torch i n  Operation a t  Low Power 
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3.  Frequency 

From the standpoint of power conversion economy, It 
the  ultimate in an  induction chemical plant heater 
would b e  direct  60 cycle  heating of gas .  This now 
appears to be a possibil i ty.  During the past  year, 
frequencies have been reduced from the 4 MHz-400 KHz 
range to 10 KHz. This has changed the power supply 
from an electron tube device to a motor generator, with 
consequent reduction in  capi ta l  c o s t  and simplified 
maintenance. Tests  are  presently underway a t  960 Hz  
and a development program is underway to demonstrate 
60 H z  heating during 1971. 

C, ONCLUS ION 

In summary, advances made during the past  two years have taken 
processes to treat  solids in  plasma out  of the laboratory and into the pilot 
plant. Economically justified large scale commercial processes have been 
designed and could be placed in  operation with today's technology. In 
addition, recent improvements in plasma generating equipment and 
technology promise to speed the advent of large scale industrial plasma 
chemistry. 
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INTRODUCTION 
\ 

Studies have shown that rapid high temperature pyrolysis of coal produces 
gaseous products with acetylene as the  predominent hydrocarbon species.  (1-12) 
i s  consistent with thermodynamic data (13,lk) which ind ica te  t h a t  a t  reaction temper- 
a tures  of 1500 t o  20OO0C acetylene is  the  most s t ab le  of hydrocarbon species. 
thermodynamic data a l s o  show t h a t  the s t a b i l i t y  of acetylene decreases below 1200OC; 
consequently, i n  a pyro ly t ic  process f o r  the productio2 of acetylene two d i s t i n c t  s teps  
must be considered, v iz . ,  a high temperature generation s t e p  and a quench s tep  t o  i n -  
h i b i t  acetylene decomposition. 

This 

The 

\ 

I During the  Avco Arc C o a l  Program, sponsored by t h e  Office of Coal Research, 
a program whose goal is  the  development of a commercially f eas ib l e  plasma process f o r  
the  conversion of coal t o  acetylene, it was observed that acetylene y ie lds  a r e  greater 
when plasma pyrolysis i s  car r ied  out i n  a hydrogen atmosphere r a the r  t h a n  i n  other 
environments, e.g., helium, argon, o r  nitrogen. A cmnparison of acetylene yields f o r  
coal pyrolysis car r ied  out i n  hydrogen and i n  argon i s  shown i n  Figure 1. 
show that y ie lds  in  hydrogen a r e  about twice those obtained i n  argon. 
ments showed that helium and nitrogen were no more e f f ec t ive  than argon. 

The da ta  
Other experi- 

The improved acetylene y ie lds  i n  hydrogen can undoubtedly be re la ted  t o  the 
two reaction paths by which acetylene is generated from coal.  The f i r s t  involves t h e  
reaction of hydrogen contained i n  the  coa l  and the  second u t i l i z e s  an  ex terna l  source 
of hydrogen. The reactions a r e  i l l u s t r a t e d  by the  following equations: 

C + H2+’ C2H2 

I 
The reaction described by equation (1) has been reported by severa l  authors (5-9) and 
is  i l l u s t r a t e d  by the  data given i n  Figure 1 f o r  t h e  formation of acetylene i n  argon 
which shows the  carbon and hydrogen i n  coal can r e a c t  t o  form acetylene.  The second 
reaction has been ve r i f i ed  by in j ec t ing  hydrogen-free char i n t o  a hydrogen plasma t o  
form acetylene, (g), and a l so  by reacting carbon and hydrogen a t  high temperature (16). 
The pyrolysis of coal in a hydrogen plasma, therefore,  allows both reactions t o  con- 
t r i b u t e  t o  the  formation of acetylene,  whereas, pyrolysis i n  an argon or helium plasma 
allows only reaction (1) t o  occur. 

’ 

, 

’ - 
During t h e  inves t iga t ion  of the  quench s t e p  of t he  process, it became evident 

that hydrogen i s  a l s o  a more e f fec t ive  quench medium than i s  argon o r  helium. 
quench reaction is  cmpl ica ted  by t h e  uncer ta in t ies  i n  t h e  acetylene generation reaction 
but uncertainties can be avoided, however, by separating the  acetylene generation from 
acetylene quenching. For the  investigation O f  t he  quenching reac t ions ,  known amounts of 
acetylene were used t o  model t h e  generation s tep  and reac t ion  and decomposition during 
quenching were studied separately.  
sure  of 0.5 atmosphere, t yp ica l  of the operating conditions of the AVCO Arc-Coal Pro- 
cess. Acetylene was metered i n t o  t h e  a r c  plasma and i n l e t  and e x i t  Qases were sampled 
and analyzed i n  order t o  measure t h e  decomposition of t h e  acetylene t h a t  occurred during 

The 

The experiments were performed at  a reduced pres- 
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; the  quenching process. 

I more e f fec t ive  quench medium. 

The r e s u l t s ,  ::iven i n  Figure 2 ,  Z!IOW t ha t  i n  hydrogen Only 
about 12$ of t h e  acetylene is lost, whereas, i n  argon, decomposition was  about 57$. 
Thus, at s i m i l a r  plasma enthalpy levels, the gross r e su l t s  show tha t  hydrogen i s  a 

7 
Two reasons fo r  the  improved r e su l t s  with the  hydrogen quench can be pOstU- 

la ted ,  v iz .  , 
a .  Hydrogen is a more ef fec t ive  coolant and rap id ly  

lowers the  temperature of t he  react ion mixture pre- 
venting excessive decanposition of acetylene. 

Hydrogen a c t s  as a primary chemical reactant .  b. 

Using deuterium as "tagged" hydrogen atoms, a s e r i e s  of experiments was perfomEd t o  
elucidate  the  mechanism and t o  obtain a b e t t e r  understanding of the ro l e  of the  hydro- 

For example, even though the  data iq  Figure 2 shared tha t  only 1$ C2H2 
decomposed i n  H2, it could not be determined whether the  molecules analyzed i n  the  
eff luent  were the  same molecules that were in jec ted  i n t o  the  plasma. 
in jec ted  i n t o  the  plasma with acetylene and the  e x i t  gases were analyzed mass spectro- 
metr ical ly  t o  determine if any exchange occurred between acetylene and deuterium. I f  
the  ro l e  of the  quench medium were s t r i c t l y  t o  prevent decmposi t ion of C2H2 molecules 
(as in fer red  by postulate  a )  t he re  should be no exchange of t he  deuterium with acety- 
lene and the product stream should be mainly C2H2, H2, D2 (and perhaps HD ). If, on 
the  other hand, postulate  b, involving a chemical react ion,  represents t h e  r o l e  of t he  
quench hydrogen (deuterium) , t h e n  s ign i f icant  amounts of C2IiD and/or C2D2 should be 
iden t i f i ab le  i n  the  product stream. 

$ gen quench. 

Deuterium was 

, RESCTLTS AM, DISCUSSION 

I n i t i a l  deuterium plasma react ions were designed t o  study the  acetylene de- 
composition mechanism. A reac tor ,  consis t ing of a 30 Kw, high temperature plasma gen- 
e ra to r ,  a s  sham i n  Figure 3, was used fo r  the  study. The generator could be operated 
on e i the r  hydrogen o r  deuterium and acetylene was in jec ted  d i r ec t ly  i n t o  the  plasma 
using e i t h e r  a hydrogen or deuterium c a r r i e r  gas. 

I 

For the  i n i t i a l  tests of the  series, the  plasma generator w a s  operated at a 
reduced pressure of 0.5 atmosphere 
c a r r i e r  gas t o  convey given amounts of acetylene in to  the  plasma. Gas flows were se- 
lected t o  give a mixture w i t h  an acetylene concentration typ ica l  of the  product stream 
of the  acetylene-coal react ion.  Chromatographic analysis  of the  streams showed that 
the  o r ig ina l  mixture contained 7.1% acetylene which is  representat ive of the  7 - 1 6  
concentrations obtained during coal pyrolysis  tests. 
that 6.$ C2H2 was present. 
the  deuterium plasma i s  consis tent  with previous data given i n  Figure 2 which shows 
about 1% decmposition f o r  acetylene i n  the  hydrogen plasma. 

Mass spec t rme t r i c  analysis  of the  product stream showed that only 1.C$ of 

using deuterium as both the  a r c  gas and as the  

Analysis of the  e f f luen t  showed 
The 13% loss  of acetylene due t o  the  deccnnposition i n  

the  acetylene present i n  the  e f f luent  (O.O5$ of:the gas mixture) w a s  not deuterGted. 
Acetylene canposition data a r e  given i n  Table I and show t h a t  the  acetylene does not 
remain molecular i n  the  plasma, thus eliminating from fu r the r  consideration Postulate  a 
which s t a t e s  that the hydrogen quench a c t s  t o  'Lpreserve" C2H2 molecules f onned from 
coal by rapidly cooling the  product stream. The data i n  Table I a r e  also consistent 
with the da ta  i n  Figure 2 which show f o r  the  range of power leve ls  invest igated that 
decomposition is  r e l a t ive ly  insens i t ive  t o  gas enthalpy. 
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Measured Isotopic  Composition of C2H2 i n  Deuterium Plasma 

(D2 - Arc Gas, D2 - Quench Gas] ! I- 

I 

Isotopic  Measured Composition 
Species 11.4 Kw 19.8 Kw 

c2HD 15 -15 15.$ 
c2D2 83-59 83 .% 

c 2 r  E, 1.15 l .C$ 

Based on the  observed r e s u l t s  of t h e  i n i t i a l  experiments, that is, I) that 
e s s e n t i a l l y  a l l  the  or ig ina l  C2H2 exchanges with t h e  deuterium and, 2) that about 87% 
of t h e  deuterated product i s  i d e n t i f i e d  as acetylene,  it i s  evident that the descrip- 
t i o n  of the  reactions of acetylene w i t h  hydrogen in  t h e  plasma (Postulate  b) must al- 
low for t h e  high temperature decanposition of acetylene followed by i ts  interconver- 
s ion  during t h e  rapid cooling. A more complete descr ipt ion of t h e  mechanism requires 
a b e t t e r  def ini t ion of the species  present  i n  t h e  plasma. 

(17), have considered t h e  formation and decomposition of acetylene and its intemed- 
Late species under d i f fe ren t  test conditions but  a l l  came t o  a similar conclusion, 
viz. ,  the most l i k e l y  intermediate species  a t  high temperature o r  other  energetic con- 
d i t ions  would be t h e  C2H radical .  Their conclusions were generally based on consider- 
a t ions  of minimum energy requirements. I n  t h e  decanposition of acetylene,  f i ve  simple 
carbonaceous species a r e  possible:  C, CH, CH2, C2 , and C2H. I n  order t o  form C, CH 
or CH2, t h e  rupture of t h e  t r i p l e  acetylenic  bond, requir ing approximately 240 kca l ,  
i s  necessary. The formation of C2 requires  t h e  rupture  of two C-H bonds, 150 kcal, 
whereas t h e  formation of C$-I requires  t h e  rupture  of a s ingle  C-H bond, about 100 kcal .  
Other workers, Baddour and Iwasyk (18) and BcLddour and Blanchet (19),  studying t h e  
carbon-hydrogen reactions a t  plasma temperatures have a l s o  shown by calculat ion that 
C2H should be t h e  prevalent species at temperatures between 2000 and 30000 K. 
t h e  decomposition of acetylene v i a  a C$ intexmefiiate followed by re-combination with 
a n  H atom t o  re-form scetylene appears t o  be most l i k e l y  from least energy considera- 
t ions ,  the C2H radical has not been i s o l a t e d  o r  expermental ly  i d e n t i f i e d  by any of 
t h e  previous workers. 
addi t iona l  50 kca l  f o r  i t s  formation has been ident i f ied  by Steacie  (15)and by Boriswa 
and Emin  (171, 

Previous workers, S teac ie  (15), Plooster  and Reed (16), and Borisova and Ermin 

Although 

On t h e  other hand, t races  of the  C2 rad ica l  which requires an 

The C2H route  has achieved among workers i n  plasma pyrolysis  of hydrocarbons 
a foremost posi t ion t o  describe and explain yields of acetylene grea te r  than those 
predicted by equilibrium calculat ions.  The following react ion can be wr i t ten  t o  de- 
sc r ibe  t h e  C2H route  i n  t h e  deuterium plasma experiments. 

c2% + xsD 2 plasmz C2H + H + XSD-2 C2HD + HD + xsD2 (3) 

If equation (3) were a v a l i d  descr ipt ion of t h e  react ion of acetylene i n  a n  a r c  plasma, 
then C2HD should be t h e  predominant ace ty len ic  species present i n  the product stream. 

The experiments were car r ied  out using 4.95 SCFM of D2 and 0.38 SCFM or C2H2. 
Based upon s t a t i s t i c a l  probabi l i ty ,  the  acetylene i n  the  product stream should consis t  
of 3.7% C2H2 and 96.1$ C2-D. The measured compqsition of 1.6 C2H2, 15.796 c2m, and 
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1 
Isotopic  Composition of Acetylene i n  Deuterium PLasma - 

( D 2  - Arc Gas, D2 - Quench Gas) 
r 

83.2qb C2D2 shown i n  Table I was not consis tent  with equation (3) probabi l i ty  and it 
must be concluded t h a t  t h e  mechanisms as wr i t ten  f o r  postulate  b ,  i s  not val id .  It 
i s  a l s o  evident ,  because of t h e  la rge  amount of f u l l y  deuterated acetylene 8$, t h a t  
any mechanism t h a t  pos tu la tes  a C2H r a d i c a l  as an incontravertable e n t i t y  throughout 
t h e  lifetime of  species  i n  the plasma i s  not subs tan t ia te .  

Because t h e  C 2  r a d i c a l  has been i d e n t i f i e d  in  some of the  'high temperature 
mixtures (15, l 7 ) , t h e  contr ibut ion of t h i s  species  should be considered as an i n t e r -  
mediate. 'me following reac t ion  describes such a mechanism: 

C g 2  + x s D 2  plasm C2 + 2H + xsD2 cool in^ C p 2  + C DH + C H + D2 +.€El + H2 (4) 2 2 2  

Again, using t h e  l a w s  of s t a t i s t i c a l  probabi l i ty ,  it can be shown that f o r  an or ig ina l  
mixture of 4.95 SCFM D 2  and 0.38 SCFM C2H2 a product stream of 86$ C2D2, 13.$ CzDH, 
and 0 . d  C2H2 can b e  predicted,  based on t h e  react ion (4 ) .  
i s  i n  excel lent  agreement wi th  t h e  measured composition given i n  Table I, and conse- 
quently indicates that t h e  postulated C2 mechanism is  an adequate model f o r  predict ing 
t h e  product mix for t h e  decomposition and reformation of  acetylene i n  a plasma. In  
reconci l ing these r e s u l t s  with t h e  C2H mechanism suggested by t h e  previous authors 
(15, 16, 17),  it m u s t  be recognized t h a t ,  although t h e  data precludes t h e  existence 
of a C2H e n t i t y  that r e t a i n s  i t s  i d e n t i t y  throughout t h e  decomposition and re-formation 
of acetylene,  it does not preclude the exis tance of a C2H r a d i c a l  that is able t o  ex- 
perience multiple exchanges as indicated by Reaction (5 ) ,  viz . ,  

The predicted composition 

C2H + D2+ C2DH + . D 2  > C2D2 
(5) 

Table I1 
t o  those calculated on t h e  basis of a mechanism that assumes: 
i .e., t h e  C2H2 mechanism, 2) a C2H intermediate,  and 3)  a C 2  intermediate species.  
excel lent  agreement between t h e  experimental r e s u l t s  and those predicted by the C 2  
mechanism are obvious. 

summarizes the experimental r e s u l t s  given i n  Table I and canpares t h e  data 
1) a stable C2H2 molecule, 

The 

I Species Measured Canposition Predicted Composition 
14.4 kw 20.6 kw C2H2 mech. C2H mech. Cg mech. 

The C 2  mechanism and t h e  associated s t a t i s t i c s  were appl ied t o  subsequent 
tests i n  an effort t o  understand t h e  ro les  of t h e  various gas streams and t h e i r  in te r -  
ac t ions  with t h e  coal feed. To dis t inguish between t h e  roles of t h e  a r c  gas and the  
quench stream, d e u t e r h n  w a s  used as the  arc gas and hydrogen was used as the  quench 
gas. The results of these  tests are shown i n  Table 111. An addi t ional  column, ( the 
measured value minus t h e  predicted value) has been added t o  indicate  discrepancies 
frm the predict ions based on purely random s e l e c t i v i t y  (and equal r e a c t i v i t y )  of 
the  separate  streams. 



61 

TABLE 111 

Isotopic Composition of Acetylene -- 
(D2 - Arc G a s ,  H - Quench Gas) 2 

~~ ~ 

Predicted 
Species Measured Composition Composition Measured -Predicted 

14.1 kw 20.5 kw -- 14.1 kw 20.5 kw 
21.4% 18.5% 2 9 . 8  -T.% -10.7 

47.5 46.5 49.6 -2.1 -3.1 

31.0 35 -0 21.2 i9.a +13.8 

c2H2 

c2m 

c2D2 

The data indicate  that the  exchange i s  not purely s t a t i s t i c a l  but  ins tead  that the  
acetylene exchanges with the  higher enthalpy deuterium which has passed through the 
a rc .  The preference is obvious since the  a r c  gas is ho t t e r  and more ionized t h a n  
is the  quench. If the  explanation i s  valid,  i t  should be possible  t o  ve r i fy  t h e  pref -  
erence of acetylene t o  exchange with gas which has passed through the  arc by reversing 
the  gas streams and using hydrogen as the  a rc  gas and deuterium as the  quench. 
Of such tests a r e  given i n  Table N. 

, 

Results 

TABIE N 

Isotopic  Composition of Acetylene 

(H2 - Arc Gas, D - Quench Gas) 2 

Predicted 
Species Measured Composition Composition Measured -Predicted 

15.7 kw 21 kw 15.7 kw 21 kw 
c2H2 38.0 4433 30.2 +7 .8 -  

45.7 45.6 49.6 -3.9 -4.0 

16.0 13.7 20.2 -4.2 -6.5 C P 2  

Again, consistent with the  previous t e s t s ,  it is seen t h a t  the  a rc  gas i s  more reac t ive  
than the carrier gas, and it is a l so  consistent that i n  each test the  a r c  gas appears 
t o  be more react ive a t  higher power levels.  

I n  order t o  invest igate  the  cmbined o r  simultaneous react ions of acetylene 

Although deuterium was t h e  only gas in- 
generation and quench react ions during coa lpy ro lys i s ,  deuterium was used as a c a r r i e r  
gas t o  conduct coa l  i n t o  a deuterium plasma. 
troduced in to  the  reactor ,  it was  necessary t o  consider the amount of hydrogen which 
was l ibera ted  from the coal  i n  applying the  s t a t i s t i c a l  analysis .  With a Pittsburgh 
Seam Coal with a 5% hydrogen content and 160 g/min feed, a maximum of 3.24 SCFM of H2 
was introduced i n t o  the  a r c  reactor .  The measured d i s t r ibu t ion  of the  deuterated 
acetylenic  species a t  several  parer  leve ls  is given i n  Table V and the  data a r e  ccxn- 
pared with the predicted d is t r ibu t ion  based on C2 s t a t i s t i c s .  
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Species Measured Camposit ion Predicted Composition I -  10.8 kw 13.6 kw 16.0 kw TlOoqb Ut i l iza t ion  of H, i n  C o a l  

TABLE V 
I 1 

Isotopic Composition of Acetylene Generated During C o a l  Pyrolysis 

(D2 - Arc Gas, D2 - Quench Gas, 0.5 A t m )  

t i -- 

L I C2H2 3.G 3 -% 5 .I$ lo.@ 

Species Measured Camposit ion Predicted Composition 
10.8 kw 13.6 kw 16.0 kw TlOoqb Ut i l iza t ion  of H2 i n  C o a l  

C2H2 3.G 3 -% 5 .I$ lo.@ 

25 .O 27.5 31.6 44.2 I c2m 

71.3 68.8 63.2 45 .o 

The discrepancy between the  measured and predicted values is probably caused 
by the  assumption i n  t h e  calculat ions that lo@ of the  hydrogen i n  the  coal is  l iber -  
a t e d  f o r  acetylene generation. Chemical analyses have shown that appreciable mounts 
of hydrogen s t i l l  remain i n  t h e  char. Recalculating the  predicted d is t r ibu t ion  based 
on a f rac t iona l  a v a i l a b i l i t y  of hydrogen fran t he  coal  r e su l t s  i n  more quant i ta t ive 
agreement with the  measured values as s h a m  i n  Table V I .  

TABW V I  

Canparison of Measured and Predicted Isotopic  Distr ibut ion of Acetylene 
Generated During C o a l  Pyrolysis 

(D, - Arc G a s ,  D, - Quench G a s ,  0.5 Atm.) 

Measured Composition Calculated D i s t .  Based on Available H 

10.8 kw 13.6 kw 1 6 . h  3@ H 2  359 - 4@ * * 
1.6 2.2 2.7 3.4 4.0 

25.0 27.5 31.6 22.6 25.4 27.6 30.0 32.0 

71.3 68.8 63.2 75.6 72.8 69.7 66.5 64.0 

- :pecies 

- -  --- 
C2H2 3.6 3.8 5 -1 

c2m 

v 2  

By comparing the  measured d i s t r ibu t ion  with t h e  calculated values, it appears that at 
10.8 kw about 35% of t h e  hydrogen i n  t he  coa l  is  avai lable  f o r  acetylene formation, 
at 13.6 kw the value increases  t o  about 4@, and a t  16 kw it increases t o  50$ level .  

The r o l e  of t h e  quench medium i n  theprdrkype reac tor  f o r  t he  AVCO Arc-cOal 
Process H s  then invest igated.  
consis ts  of a s o l i d  cy l ind r i ca l  graphite cathode, 5/8" i n  diameter and an annular graph- 
i t e  anode with a 15" I .D.  
shown i n  t h e  f igure  and quenching i s  accanplished by in jec t ing  hydrogen about 3" below 
t h e  anode. Magnetic f i e l d  
Coils around the  anode induce a high speed ro ta t ion  t o  the  a rc  which increases the ef- 
fect iveness  of contact between the  pulverized coal and t h e  high temperature environ- 
Qent,  and also serves  t o  stabilize the a rc .  

The prototype reactor ,  shown i n  Figure 4, basical ly  

Pulverized coa l  is in jec ted  d i r ec t ly  into t h e  plasma as 

The a r c  operates a t  parer  leve ls  between 80 and 120 kw. 

In these tests the  arc gas and coal-carr ier  gas w a s  hydrogen but deuterium 
The re- W a s  used as the  quench gas so  that the  ro l e  of t he  quench could be studied. 

su l t i ng  d i s t r ibp t ion  o f  t he  ace ty len ic  species  i s  given i n  Table V I 1  .as wel l  as a 
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celculated d is t r ibu t ion  based on t e s t  parameters, v iz . ,  11.5 SCFlvl a r c  gas, 5.8 SCEM 
c o a l  Carrier gas, 3.24 SCF*IyI of H2 contained i n  the  coa l  and 10.6 SC?N deuterium 
quench gas. The 3.24 SCFM of €I2 from the  coal i s  based on lo@ a v a i h b i l i t y  of t h e  
Hi i n  t he  coa l .  This estimate is undoubtedly high and 60 t o  7 6  i s  probably more 
r e a l i s t i c ,  bu t  i n  t h i s  test  i n  which 17.3 SCm and H2 were passed through the  arc 
any small e r r o r  i n  the amount of the H2 l i be ra t ed  f rm the  coal would have a negli-  
gible e f f ec t  on the  calculation. 

1 

TABm V I 1  

coal Conversion t o  Acetylene i n  Prototype Reactcr with Dcuterim Quench 

Measured Calculated Measured - 
Species Dis t r ibu t ion  Dis t r ibu t ion  Calculated 

55% 43.5$ +11.5 C2H2 

c2m 

c2D2 

38.8 44.8 - 6.0 

6.6 11.6 - 5.0 

\ This experiment was similar t o  a previous experiment (Table V) i n  that hydrogen was 
used as the  a r c  gas and deuterium was added downstream. 
measured and calculated values again ind ica te  the  higher r eac t iv i ty  of t h e  a rc  gas. 
Nonetheless, it is  t o  be noted t h a t  t he  quench gas was i den t i f i ed  i n  4546 of t he  
acetylene product. I f  t h e  quench gas had been argon o r  other r e l a t ive ly  ine r t  gas, 
no v iab le  compound would have been formed i n  these r e a c t i m s  and t h e  high temperature 
acetylene species,,Cp and CS, would have decayed t o  carbon. 
exchange reactions could not occur with i n e r t  gas present.  

The differences between the  

Similarly,  consecutive 
1 
> 

CONCLUSIONS 
\ 

Conclusions about the decomposition of acetylene i n  a hydrogen atmosphere 
that can be drawn from the  se r i e s  of deuterium plasma reactions can be summarized as 
f ollows : 

1. Reaction mechanisms which require undisassociated C2H2 o r  a C2H 
e n t i t y  cannot be substantiated.  

Calculations which u t i l i z e  a route involving a c 2  intermediate 
can be used t o  pred ic t  the  product d i s t r ibu t ion .  

3. A t  law gas enthalpy leve ls ,  only a small percentage of the hydro- 
gen i n  the  coa l  takes p a r t  i n  acetylene formation. As power 
i s  increased, more hydrogen i s  l ibe ra t ed  from t h e  coa l  f o r  ace t -  
ylene formation. 

4. Although the  r e s u l t s  show t h a t  t he  a r c  gas is  more reactive 
than t h e  quench gas, they a l s o  show t h a t  the  quench reac ts  
chemically i n  preserving acetylene. For t h i s  reason, the  use 
of a hydrogen quench is  important i n  obtaining high acetylene 
yields.  

2. 
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PROBE DIAGNOSTICS OF 
HIGH - TEMPERATURE GASES 

Jerry Grey 

INTRODUCTION 

i 

\ 

I 

1 

Greyrad Corporation 
Princeton, New Jersey 

Cooled probes have been developed as a direct result of the 
need to measure gas properties at high temperatures or in cor- 
rosive environments. Originally developed for “exotic“ gas en- 
vironments at temperatures so high as to entirely preclude the 
use of more conventional methods, (e.g., arcjets, rocket engines, 
hyperthermal wind tunnels), cooled probe techniques have only 
recently been applied to the more moderate temperatures encoun- 
tered in industrial furnaces, thermal cracking columns, incinera- 
tors, nuclear power reactors, metal smelting and refining furnaces, 
etc. 

The most frequently used cooled-probe method is the calorimet- 
ric principle, for the measurement of gas enthalpy (and thereby 
the gas temperature, in most industrial applications,). Specific 
benefits of this method are as follows: 

(a) Maximum probe material temperature may be maintained 
only a few degrees higher than that of the coolant, thereby pro- 
viding long life in high-temperature or corrosive gas environments. 
This feature can be contrasted with thermocouples, resistance 
thermometers, or even fluidic oscillators, which by their very 
nature must operate at the temperature of the gas to be measured. 

(b) The cooled calorimetric probe functions solely as a 
mechanical structure; that is, it can be fabricated from materials 
which are fully compatible with the environment, since it requires 
no special electrical properties as do thermocouples or resistance 
thermometers. Further, even if some material deterioration does 
occur, the probe’s operation is totally unaffected, as compared 
with the other devices, which immediately begin to suffer varia- 
tions in electrical output. 

(c) Effects on probe output signal due to contamination 
by particulate matter, condensibles, etc., which may erode or 
coat the probe, are generally negligible or can be eliminated 
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by either relatively simple coolant flow management or periodic 
cleaning of the probe's internal passage in situ, with access 
from the outside. 

(d) Since the output sensors are located remotely from the 
probe tip, they can be serviced or replaced without removing the 
probe itself from the measurement region. This feature is partic- 
ularly important in nuclear reactor core measurements or in any 
other application where instrumentation replacement would other- 
wise require a plant shutdown. 

(e) For environments which are so severe as to have been 
formerly inaccessible to a l l  but remote temperature measurement 
(e-g., optical pyrometers), the cooled immersion probe provides 
a degree of accuracy and multiplicity of measurement far beyond 
that attainable with non-local viewing devices of comparable cost 
and complexity. l 

(f) In many applications, the direct probe output signal I 

can be made proportional to either gas enthalpy (temperature) or 
total power (product of enthalpy or temperature and mass flow 
rate). 

Disadvantages of the cooled calorimetric probe as compared I 

with more conventional immersion devices (e.g.,thermocouples or 
resistance thermometers) are high first cost and the requirement 
for a coolant supply. It can, however, be argued that the higher 
first cost of a cooled probe installation is more than compen- 
sated by its greater lifetime and higher reliability, both of which 
sharply reduce plant shutdown time or failures due to deteriora- 
tion or loss of control function. Also, in most industrial appli- 
cations, readily-available shop air supplies or city water pro- 
vide adequate probe coolant capability. 

t 

The present paper provides a review of cooled calorimetric 
probe principles and applications, and mentions several other 
cooled-probe diagnostic techniques applicable to industrial envir- 
onments. 

THE COOLED CALORIMETRIC PROBE 

The basic principle of the calorimetric probe is as follows: 
a small sample of the gas to be measured is allowed to flow con- 
tinuously through a hollow-walled tube. The tube walls are 
cooled by either a gas (e.g., air, nitrogen, hydrogen, helium, 
etc.) or a liquid (e.g., water, hydraulic fluid, ethylene glycol, 
etc.). By measuring the heat given up to the coolant by the hot 
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gas sample, therefore, one can determine directly what its enthalpy 
was before it was cooled. 

The simplest form of this device (Ref. 1) is the so-called 
" tare-measurement'' probe (Figure 1) , in which the coolant serves 
not only as the calorimetric fluid, but also to cool the probe 
exterior. In this case two measurements are required: first the 
total coolant energy is measured (coolant flow multiplied by 
its temperature rise); then the g$s sample flow is shut off by a 
valve and the coolant energy is measured again (the "tare" meas- 
urement). 
urements is then the enthalpy given up by the gas sample: 

The difference between the two coolant energy meas- 

- - (WC Cpc ATc) f - (WC Cpc ATc) nf + Cp2g Tag 
ig 

"9 

where 

wc = coolant flow rate (lb/sec) 

= coolant specific heat, (Btd1b-O F) Pc C 

ATc = coolant temperature rise, (OF) 

= gas sample flow rate, (lb/sec) 9 W 

cp2g = cooled gas sample constant-pressure specific 
heat at probe exit, (Btu/lb-OF) 

T2g = cooled gas sample temperature at probe exit, (OF) 

0 f 

0 nf 

indicates gas sample flowing 

indicates gas sample flow shqt off 

The principal purpose in utilizing this type of probe is 
that its simplicity of design permits the use of very small over- 
all diameters (as small as 1/32"), and also provides effective 
cooling in extremely high heat-flux environments. It is partic- 
ularly useful where the operating conditions are such that the 
tare or calibration measurement need only be made periodically 
(e.g., once per hour or per day), i-e., wherever temperature, 
flow, and pressure conditions do not vary over wide ranges. Under 
these conditions, the tare-measurement probe becomes a useful, 
practical, continuous-output instrument. 

Note that in order to provide proper duplication of heat 



68 

1 

' /  

G4 
0 

P .- 
c 
Y 



flux to the exterior of the probe between the "tare" and"non- 
tare" measurements, it is necessary that the gas sample flow 
rate be sufficiently small so as not to disturb the general 
flow pattern at the probe tip. When the product of gas pressure 
and enthalpy drops so low that this requirement conflicts with 
the requirement for adequate sensitivity (i.e., difference in 
coolant temperature rise between the tare and non-tare measure- 
ments), this class of probe has reached its limit of usefulness. 

In this event, and for lower heatyflux conditions in gen- 
eral, the fully-isolated non-tare-measurement probe of Figure 2 
is recommended (Ref. 2). Here the calorimetric portion of the 
probe is isolated from the cooling jacket by an air gap (this 
may, obviously, also be vacuum or another gas). The enthalpy 
measurement is then obtained directly, without the necessity 
for a tare measurement, as follows: 

where now subscript ()i indicates the inner calorimetric jacket, 
and all other notation is indkated below the previous equation. 

The only conditions on the use of the non-tare-measurement 
probe are 

(a) No heat transfer occurs between the inner and outer 
jackets of Figure 2'. 

(b) All of the gas which is aspirated is cooled by the 
inner jacket, and none of it is cooled by the outer 
jacket. 

The first of these conditions is accomplished by designing 
the probe geometries and relative coolant flow rates through the 
two jackets so that wall temperatures at opposing points all 
along the air gap will be as nearly equal as possible, thus mini- 
mizing interjacket heat transfer. The second condition is 
achieved either by proper adjustment of the aspirated gas sample 
flow rate (i.e., locating the flow stagnation point at the 
insulation-gap entrance), or, in Configuration A of Figure 2, 
by correcting for the small amount of heat transfer to the exposed 
portion of the calorimeter. 

In either of these probe designs, if the cooled gas sample 
temperature Tzg is either (a) very nearly equal to the calorim- 
etric coolant exit temperature: (i.e., the probe length/diameter 
ratio is sufficiently large), or (b) very nearly constant, or 
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(c) very low compared with the "unknown" hot gas temperature, 
the measurement of T2g can be eliminated. Also, for long-term 
monitoring purposes, the coolant flow rate can be controlled to 
a preset value, so it need not be measured, and the cooled gas 
sample flow can be extracted through a choked orifice so that 
its flow rate will be directly proportional to the gas pressure 
at the orifice inlet (its temperature is already known). The 
only auxiliary requirements under these conditions, therefore, 
are a constant-mass-flow source of coolant and recorders for 
one pressure and edther the coolant temperature rise or the 
inlet and outlet coolant temperatures (measured by thermocouples, 
resistance thermometers, or thermistors) . 

Note also that both probe designs permit measurement of 
impact pressure (intermittently in the tare probe: continuously 
in the jacketed probe, via the insulating gap) and extraction 
of gas samples for composition measurement or monitoring. Either 
probe can be bent at angles up to 90°, and all instruments, fit- 
tings for coolant flow, etc. are mounted in a series of modular 
terminator blocks at the probe base (see Fig. 3 ) .  

It is of particular interest to note that if the probe L/D 
is sufficient, there will be virtually no effect on probe out- 
put due to even extensive contamination by combustion or corrosion 
products. In fact, if Tzg is monitored, QQ amount of contam- 
ination or corrosion can affect the probe output, up to the 
point of physical failure of the probe structure. (The gas sam- 
ple passage can be cleaned periodically from the outside, if 
necessary, without removing the probe, by simply removing the 
discharge orifice fitting and inserting a pipe cleaner or scraper 
through the gas sample tube -- see Fig. 3 . )  

This type of probe has been employed extensively for enthalpy 
and temperature measurements in arcjet environments (e.g., see 
Refs. 3,4,5,6,etc.). An indication of the calorimetric probe's 
repeatability is shown in the turbulent-flow profile measurements 
of Figure 4 (from Ref. 7 ) :  Figure 5 shows the accuracy obtained 
with even the relatively crude tare-measurement probe (Ref. 3). 

One particularly useful application of the calorimetric 
probe principle is in the control of a Brayton power cycle: e . g . ,  
the gas turbine engine. It can be shown (Ref. 8) that if the 
probe is located at the inlet to the turbine (the combustion 
chamber exit) and is cooled by compressor discharge gas, the 
calorimetric jacket temperature rise is almost directly propor- 
tional to the turbine inlet temperature: i.e., no flow measure- 
ments are required: 
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where Tt4 = total temperature at turbine inlet, OR 

kl, k2 are approximately constant 

4Ti = temperature rise of the coolant in the calori- 
metric jacket, OF 

On the other hand, if the probe is cooled by a constant- 
flow, constant-temperature coolant source (e.g., hydraulic 
fluid, fuel, compressed air, water, etc.), it can be shown 
(Ref. 8) that the calorimetric coolant temperature rise is directly 
proportional to the product of engine mass flow rate and turbine 
inlet temperature: i.e., to total engine power: 

where Wa = engine air mass flow rate 
k3, k4 are approximately constant 

OTHER COOLED-PROBE MEASUREMENTS 

The concept of utilizing cooled immersion surfaces has been 
applied to such diverse hot-gas property measurements as electron 
temperature and density in plasmas (Ref. 9), scale of turbulence 
(Ref. lo), degree of nonequilibrium (Ref. 111, radiation inten- 
sity (Ref. 12), transient pressure oscillations (Ref. 13), heat 
flux (Refs. 14, 15). velocity (Ref. 16), temperature (Ref. 17), 
and, of course, the pressure and gas sampling functions already 
discussed. In fact, single probes with multiple functions can 
often minimize the total instrumentation requirement. Figure 6, 
for example, shows a multipurpose probe used for diagnostics of 
a sonic-velocity RF-generated plasma, with simultaneous measure- 
ment capability for enthalpy, electron temperature and density, 
impact pressure, static pressure, and gas-sample extraction. 
In many industrial applications where multiple measurements are 
required, but where either access is difficult or lifetime is 
a problem, the use of a single cooled probe to perform many 
functions can often be highly effective. 
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LARGE A .  C . ARC HEATER. , .DESIGN, PERFORMANCE A?ID ECONOMICS 
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After  chemical performance has been demonstrated, a plasma 
genera t ion  device must meet s e v e r a l  o t h e r  requirements  before  i t  can he 
considered f o r  an i n d u s t r i a l  process .  These inc lude :  1 )  s t a b l e ,  long-time 
opera t ion  on chemical feedstocks,  2)  simple,  rugged design,  3) minimum downtime 
and, 4 )  low c a p i t a l  c o s t .  

An I n d u s t r i a l  arc h e a t e r  i s  descr ibed i n  which t h e  chemical 
feedstock is passed through a magnet ical ly  r o t a t e d  a r c  d ischarge .  A unique 
s e l f - s t a b i l i t i n g  f e a t u r e  permits  multi-megawatt opera t ion  on line-frequencv 
a l t e r n a t i n g  cur ren t .  Spurious a r c  e x t i n c t i o n s  a r e  completelv elfminated.  A 
secondary feedstock, which may be  a p a r t i c u l a t e d  s o l i d ,  can he  admitted 
a x i a l l y  through the a r c  discharge.  Heat t r a n s f e r  between t h e  a r c  and t h e  
feedstock and turbulen t  mixing of t h e  r e a c t a n t s  a r e  exhanced hv high speed 
a r c  r o t a t i o n  and a .c .  power n u l s a t i o n s .  Thermal e f f i c i e n c v  and e f f l u e n t  
enthalpy a r e  given as  func t ions  of feeds tock  flow f o r  several  a r c  nower l e v e l s .  

A s t rong emphasis has  been placed on mechanical s i m p l i c i t v  r e s u l t i n g  
i n  t h e  c a p a b i l i t v  t o  e f f e c t  f a s t  maintenence of low c o s t  e l e c t r o d e s .  Canital 
c o s t  I s  shown t o  be much lower than o t h e r  tvpes o f  plasma genera t ion  equiament 
f o r  l a r g e  i n s t a l l a t i o n s  because no r e c t i f i c a t i o n  o r  frequencv conversion eouip- 
ment is needed. Operating c o s t s ,  inc luding  amor t iza t ion  of c a p i t a l  investment, 
are given f o r  s e v e r a l  opera t ing  condi t ions .  
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Nonca ta ly t i c  so l id -gas  r e a c t i o n  systems are of g r e a t  i n d u s t r i a l  importance and 
are found i n  d a i l y  u s e  i n  chemical  and m e t a l l u r g i c a l  i n d u s t r i e s .  Important  examples 
are combustion of carbonaceous matters and r e g e n e r a t i o n  of carbon-deposited c a t a l y s t s  
by o x i d a t i o n  i n  a i r .  

Weisz and Goodwin (7)  observed,  i n  t h e  r e g e n e r a t i o n  of c a t a l y s t s  a t  temperatures  
below 450°C, t h a t  t h e  carbon burn-off is uniform (or  "homogeneous") throughout t h e  
c a t a l y s t .  
sive" o r  "unreacted-core-shrinking" t ype ,  as shown schemat i ca l ly  i n  F igu re  1. 

of h e a t  and mass t r a n s f e r  p r o c e s s e s  on the o v e r a l l  r a te  of a n o n c a t a l y t i c  s o l i d -  
g a s  r e a c t i o n  occur r ing  i n  a s i n g l e  s o l i d  p e l l e t  ( 4 ,  5 ,  8 ,  9 ) .  Phenomenological, 
r a t h e r  t han  mechan i s t i c ,  approach was adopted i n  ana lyz ing  t h e s e  complex p rocesses  
s o  t h a t  t h e  e f f e c t  of i n d i v i d u a l  p rocesses  on the o v e r a l l  rate could b e  i d e n t i f i e d .  
The a p p l i c a b i l i t y  and l i m i t a t i o n  of the "unreacted-core-shrinking" and "homogeneous" 
models were a l s o  p re sen ted ,  and t h e  i n t e r r e l a t i o n s h i p  between t h e  two models was  
d i scussed .  
c a t a l y s i s  w a s  extended t o  n o n c a t a l y t i c  so l id -gas  r e a c t i o n  systems. 

I A t  temperatures  above 6OO0C, however, t h e  burn-off i s  of "shel l -progres-  

T h e o r e t i c a l  i n v e s t i g a t i o n s  have been  undertaken p rev ious ly  t o  s tudy  t h e  e f f e c t  

The concept of " e f f e c t i v e n e s s  f a c t o r "  f r e q u e n t l y  used i n  t h e  s t u d i e s  of 

The purpose of t h e  p r e s e n t  expe r imen ta l  work i s  t o  v e r i f y  t h e  t h e o r e t i c a l  pre- 

of t h e  r a t e - c o n t r o l l i n g  s t e p s  ( i g n i t i o n  o r  e x t i n c t i o n ) ,  which occur  i n  a s i n g l e  
p a r t i c l e - g a s  r e a c t i o n  d e s c r i b a b l e  by t h e  unreacted-core-shrinking model. 

Consider  t h e  s imple  case of so l id -gas  r e a c t i o n  t a k i n g  p l a c e  on t h e  unreacted 
c o r e  s u r f a c e :  

The r a t e  of r e a c t i o n  f o r  gas  component A ,  
b e  r ep resen ted  as 

The above s i m p l i f i e d  ra te  e q u a t i o n  w i l l  b e  used i n  view of t h e  d i f f i c u l t y  i n  obtain-  
i n g  a c o r r e c t  mechanism. 
s a t i s f a c t o r i l y ,  t h e  s imple  r a t e  equa t ions  w i l l  p rov ide  a n  adequate  a n a l y s i s  of 
o v e r a l l  c h a r a c t e r i s t i c s  of the r e a c t i o n  system provided no e x t r a p o l a t i o n  beyond 
t h e  range i n v e s t i g a t e d  i s  al lowed.  

Based on t h e  unreacted-core-shrinking model as shown i n  F igu re  1, and a cons t an t  
p a r t i c l e  s i z e  du r ing  a n  i r r e v e r s i b l e  chemical  r e a c t i o n ,  a pseudo-steady-state 
m a t e r i a l  b a l a n c e  f o r  t h e  r e a c t a n t  component A w i t h i n  t h e  i n e r t  s o l i d  product  l a y e r  of 
t h e  p a r t i c l e  can be wr i t ten  as: 

d i c t i o n  of t h e e x i s t e n c e s  of geomet r i ca l  and thermal  i n s t a b i l i t i e s  and t h e  t r a n s i t i o n  I 

aA(gas) + S(so1 id )  ---e- Gas and/or  S o l i d  Product  (1) 
rA ,  and f o r  s o l i d  r e a c t a n t  S ,  r s ,  can 

r A = a r  S = - a k s C F C 2  

A s  l ong  as t h e  r a t e  equa t ions  f i t  t h e  experimental  d a t a  I 

I 

< 
c~.(cD, o x A )  = ( 1 / r 2 ) ( b / a r ) ( r 2  C D , ~  b x A /  b r )  = 0, r c < r < R  

I f  t h e  idea l -gas  l a w  h o l d s  f o r  t h e  gaseous phase,  i .e . ,  C = P / W T ,  then a t  a 
c o n s t a n t  t o t a l  p r e s s u r e  P C w l / T .  The e f f e c t i v e  d i f f u s i v i t y ,  DeA, may be considered 
t o  b e  p r o p o r t i o n a l  t o  T1-3-2.0 i n  t he  molecular  d i f f u s i o n  regime, and t o  T o - 5  i n  t h e  
Knudsen d i f f u s i o n  regime. 
t o  T1.O cons ide r ing  the p o s s i b i l i t y  of bo th  types  of d i f f u s i o n  through t h e  porous 
product  layer. 
temperature  independent.  It should b e  no ted ,  however, t h a t  C o r  Dd i t s e l f  a lone  
i s  a f f e c t e d  by temperature  v a r i a t i o n .  
now becomes 2 

d r  

For  convenience,  De* may b e  t aken  t o  b e  roughly p ropor t iona l  

The re fo re ,  the p roduc t  CDeA becomes p r o p o r t i o n a l  t o  To,  t h a t  is 

With t h e s e  s i m p l i f i c a t i o n s ,  t h e  l a s t  equat ion 

2 - t X  __ dxA = 0 r c < r < R  (2) 
2 r d r  

The boundary cond i t ions  f o r  Equat ion (2) are 
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Reaction 
sur fa G c 

Layst- 

'Gas Film 

Fig. I Coricsnfration and femperctture piofiles 
of a single particlo - gcls reaction indicating 
the three resistances in series. 

I 



= aCSo 2 d r  

r=rc d t  
(5) 

where t h e  s u b s c r i p t s  To and Tc i n d i c a t e  t h e  q u a n t i t y  t o  be eva lua ted  a t  temperatures  
of b u l k  g a s  and r e a c t i o n  i n t e r f a c e ,  r e s p e c t i v e l y .  

For a p a r t i c l e  w i t h  uniform d i s t r E b u t i o n  of s o l i d  r e a c t a n t ,  t h e  s o l i d  c o n c e n t r a t i o n ,  
CSo, can b e  considered a c o n s t a n t  a t  t h e  s u r f a c e  of r e a c t i o n ,  and t h e r e f o r e  t h e  
r e a c t i o n  rate cons idered  h e r e  i s  of t h e  n-th o r d e r  wi th  r e s p e c t  t o  t h e  c o n c e n t r a t i o n  4 

of gas  component A. 
Although equimolar c o u n t e r - d i f f u s i o n  i s  assumed i n  d e r i v i n g  Equation (2), t h e  

a p p l i c a t i o n  may be extended t o  non-equimolar c a s e s  when there is  no  s i g n i f i c a n t  
volume change of g a s  o r  when c o n c e n t r a t i o n s  of r e a c t a n t  and product  g a s e s  are very  
d i l u t e .  

The i n i t i a l  condi t ion  is 

t = O ; r  = R  ( 6 )  

The h e a t  ba lance  i n  the a s h  l a y e r  i s  g iven  by 

rc< r < R  
' b t  

The boundary c o n d i t i o n s  are  

4 4  r = R; -. ke = h (T,-T ) + h (Ts-Tw) C R 

br  I r = R  
= 4  3 dT - 2 

c, 4 i ~ r ~ a k ~ ( ~ ~ ) C ~ ~ C ~ ~ ( - A H ) + 4 r r r ~ ~  3 lT rc pccpc -2 d t  
r=rc 

r=r - 
The i n i t i a l  c o n d i t i o n  i s  

t = O ; T = T  = T .  c 1  
I n  Equat ion ( 9 ) ,  i t  i s  assumed t h a t  t h e  temperature  w i t h i n  t h e  unreacted c o r e  i s  
uniform a t  T . The tempera ture  dependency of t h e  r e a c t i o n  r a t e  cons tan t  is  
assumed t o  b: of Arrhenius '  type :  

ks(T,) = k: exp(-E/R Tc) (11) 

The e f f e c t i v e n e s s  f a c t o r  i s  def ined  a s  ( 4 , s )  

Thus, 
7 s  = 

Actua l  ( o v e r a l l )  r e a c t i o n  rate 
Reac t ion  r a t e  o b t a i n a b l e  when t h e  r e a c t i o n  s i te  i s  exposed 
t o  t h e  gas  c o n c e n t r a t i o n  and temperature  of t h e  bulk  gas  phast 

o r ,  by Equat ions (4) and (51, 

(13) , 7 s  = - 3 K  

! 
d 0  

Equat ion (13) is t r u e  f o r  a l l  c a s e s  inc luding  those  under i so thermal  s i t u a t i o n s .  
Equat ions (2) through (10) a r e  t o  be solved s imultaneously by a numerical  

method* HotJevev, e v e n  f o r  the s imples t  cases  o f  pure hea t  t r a n s f e r  
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boundary, numerical methods are generally difficult and complicated. 
some simplifying asqumption seems warranted i,f therg is no great sacrifice in 
accuracy in the final results. 
Equatioq (7). 
as well as unreasonable instantaneous temperature changes (5,8,9). These situations 
can be compensated for by introducing a simple energy accumulation term into the 
heat balance equatfon for the ash layer. 
bution in the ash layer can be approximated at all times by a steady state profile 

Therefore, 

This can be accomplished by assuming 3Tht = 0 in 
However, such a pseudo-steady-state assumption could lead to errors 

For this purpose, the temperature distri- 

(1) : 

The accumulation of energy in ash layer is 

T = Tc+(T -T ) ('-A) / (L-A) (14) 
E i C r c  r rc 

c 
The integral in thelast equation can now be evaluated using Equation (14). 
accumulation in the ash layer can also be expressed as 

The 

2 acc. = - 4nrc ke E 
r=r- 

C 

The heat flux terms in Equation (16) can be obtained from gqugtions ( 8 )  and (9). 
Upon equating Equations (15) and (16) and simplifying, we obtain 

4 4  
a k,(~,)Cz~ Cic(-4H) C: - IhC(Ts-To) + hR(Ts-T,)I =QV%pcCpc-Cpe) ,?,: dT, + 

dt 

(R/3) Cpe $ (Tc+(Ts-Tc) . 2-3%+5,3 2(1-,!3 (17) 

With some additional mathematical manipulations, we obtain a fipal set of 
equations, Equations (17) through (23), which replace Equations (2) through (10). 

e = o ;  g c = l  (18) 

Equations (17) through (23) are a set of algebraic and ordinary differential 

When complete steady-state is assumed, there is no energy accumulqtion in the 
equations, which can be solved easily by a numerical method. 

ash layer (A = 0) and in the unreacted core (G = 0). 
shown that Equations (17) through (23)  reduce to 

In phis case it can be 
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and 

where 

E x i s t e n c e  of t h r e e  r o o t s  f o r  U a t  a f i x e d  is p o s s i b l e  f o r  equat ion  ( 2 5 ) .  

r e a c t a n t  conversion,  and compare uns teady-s ta te  h e a t  t r a n s f e r  a n a l y s i s  t o  t h a t  of 
pseudo-steady-state .  The s o l i d  l i n e s  i n  t h e s e  f i g u r e s  a r e  uns teady-s ta te  s o l u t i o n s  
of Equat ions (17)-(23) ob ta ined  by numerical  method. The dashed and d o t t e d  l i n e s  
r e p r e s e n t  s t a b l e  and m e t a s t a b l e  s o l u t i o n s ,  r e s p e c t i v e l y ,  of Equat ions ( 2 4 )  and (25) 
f o r  t h e  pseudo-s teady-s ta te  c a s e  (A = 0, G = 0).  M u l t i p l e  s o l u t i o n s  f o r  7 a r e  
p o s s i b l e  f o r  Equat ions ( 2 4 )  and (25) a t  a f i x e d  X ,  as shown. 

t o  an erroneous conclus ion .  
never  been r e a l i z e d  i f  t h e  pseudo-steady-state  a n a l y s i s  had been used.  
s t a t e  a n a l y s i s  on t h e  o t h e r  hand shows t h a t  chemical  r e a c t i o n  could b e  r a t e - c o n t r o l -  
l i n g  when t h e  i n i t i a l  t empera ture  of t h e  p a r t i c l e  i s  s u f f i c i e n t l y  low (Ui = 0.90) .  
F i g u r e  3 d e p i c t s  t h e  e f f e c t  of h e a t  c a p a c i t y  of unreac ted  c o r e  and h e a t  of r e a c t i o n  
on t h e  thermal  i n s t a b i l i t y .  The occurrence  of thermal  i n s t a b i l i t y  i s  less l i k e l y  
when t h e  h e a t  c a p a c i t y  i s  h i g h .  

on t h e  unreacted-core-shrinking model. The corresponding s o l u t i o n s  obtained from 
Equat ions  (17)-(23) ( s o l i d  l i n e )  and from Equat ions ( 2 4 )  and (25) (dashed and d o t t e d  
l i n e s )  are also  shown i n  the f i g u r e  f o r  comparison. The experiment was performed 
i n  a thermobalance by burn ing  a s i n g l e  s o l i d  s p h e r e  i n  a s t ream of heated a i r .  
s o l i d  p e l l e t  was prepared by mixing a d e s i r e d  p r o p o r t i o n  of a c t i v a t e d  charcoa l  
w i t h  aluminum oxide t h a t  s e r v e s  a s  an i n e r t  porous medium. Waterglass  (sodium 
s i l i c a t e )  d i l u t e d  w i t h  a proper  amount of water  was used as a b inder  i n  forming 
t h e  p e l l e t s .  
combustion t e s t  t o  remove m o i s t u r e  and t o  i n s u r e  no weight  l o s s  owing t o  i n e r t  
s o l i d  d u r i n g  t h e  t e s t .  
The uns teady-s ta te  heat t r a n s f e r  a n a l y s i s  ( s o l i d  l i n e )  d e s c r i b e s  more c l o s e l y  t h e  
e x p e r i m e n t a l  r e s u l t  than  t h e  pseudo-steady-state  (dashed l i n e )  a t  t h e  i n i t i a l  
s t a g e  and d u r i n g  t h e  t r a n s i t i o n  from d i f f u s i o n -  t o  chemica l - reac t ion-cont ro l led  
regime. The va lues  of e f f e c t i v e  d i f f u s i v i t y  (6) and e f f e c t i v e  thermal  conduct iv i ty  
( 3 )  a r e  es t imated  based on e m p i r i c a l  c o r r e l a t i o n s .  
s u r f a c e  r a t e  c o n s t a n t  are c a l c u l a t e d  from a c o r r e l a t i o n  obta ined  by F i e l d ,  e t . a l  
(2) based on  d a t a  of v a r i o u s  i n v e s t i g a t o r s .  I n  view of t h e  w i d e  v a r i e t y  of data 
r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  t h e  o x i d a t i o n  of carbon,  t h e s e  v a l u e s  a r e  be l ieved  
t o  b e  good e s t i m a t e s  f o r  t h i s  purpose.  
is p o s s i b l e  t o  p r e d i c t  t h e  approximate r e a c t i o n  pa th  of a so l id-gas  r e a c t i o n  from 
t h e  e s t i m a t e d  v a l u e s  of p h y s i c a l  and cheniical p r o p e r t i e s .  

t h e o r e t i c a l  p r e d i c t i o n s  are v e r i f i a b l e  by t h e  exper imenta l  observa t ion .  
phenomena of geometr ica l  and thermal  i n s t a b i l i t i e s  of r e a c t i n g  s o l i d  a r e  experimen- 
t a l l y  v e r i f i e d .  The r e a c t i o n  pa th  i s  e a s i l y  fol lowed by p l o t t i n g  t h e  e f f e c t i v e n e s s  
f a c t o r  (or  r a t e  p e r  u n i t  area of r e a c t i o n  i n t e r f a c e )  v e r s u s  s o l i d  conversion.  
I g n i t i o n  and e x t i n c t i o n  a r e  a l s o  observed under c e r t a i n  c o n d i t i o n s  agree ing ,  a t  
leas: q d a l i t a t i v e l y ,  wi th  the theory .  

S C  
F igures  2 and 3 show t h e  p f o t s  of e f f e c t i v e n e s s  f a c t o r  v s .  f r a c t i o n a l  s o l i d  

F i g u r e  2 i n d i c a t e s  a c a s e  i n  which t h e  pseudo-steady-state  a n a l y s i s  could l e a d  
The chemica l - reac t ion-cont ro l l ing  r e g i o n  would have 

The unsteady- 

F i g u r e  4 i l l u s t r a t e s  a n  example of exper imenta l  r e s u l t ,  which i s  computed based 

The 

The p a r t i c l e  w a s  hea ted  a t  7OO0C i n  a n  i n e r t  atmosphere p r i o r  t o  t h e  

"Ext inc t ion"  occurred  a t  about  85 percent  of s o l i d  conversion.  

The a c t i v a t i o n  energy and 

The p o i n t  t o  be emphasized h e r e  is t h a t  i t  

In  g e n e r a l ,  i t  was found t h a t  most of t h e  c h a r a c t e r i s t i c  behavior  from 
The 

NOTATIOiIS 
--__1 

a s t o i c h i o m e t r i c  c o e f f i c i e n t  
A C D  C /aCSoke 

Ao eA(To) pc 
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3 t o t a l  c o n c e n t r a t i o n  of  gases ,  mole/L 

concent ra t ion  of s p e c i e s  A ,  CAc a t  unreacted-core s u r f a c e ,  CAo i n  bulk 
gas  phase,  CAS a t  o u t e r  s u r f a c e  of p a r t i c l e ,  mole/L3 
concent ra t ion  of s o l i d  r e a c t a n t s  Cso i n i t i a l  c o n c e n t r a t i o n ,  mole/L3 

h e a t  c a p a c i t y o f  unreac ted  c o r e ,  H/MT 
volumetr ic  h e a t  c a p a c i t y  of a s h  l a y e r ,  H/L3T 

e f f e c t i v e  d i f f u s i v i t y  of gaseous component A i n  a s h  l a y e r ,  L 2 / 8  
a c t i v a t i o n  energy of r e a c t i o n  r a t e  c o n s t a n t ,  H/mole 

p C  c pc 0 

convect ive h e a t  t r a n s f e r  c o e f f i c i e n t  , H/L2 0 T 
r a d i a t i o n a l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  H/L2 0 T4 
h e a t  of r e a c t i o n  p e r  mole of gaseous r e a c t a n t ,  H/mole 
e f f e c t i v e  thermal  c o n d u c t i v i t y  of a s h  l a y e r ,  H / L e  T 
mass t r a n s f e r  c o e f f i c i e n t  of component A a c r o s s  g a s  f i l m ,  L/8  

s u r f a c e  r e a c t i o n  rate c o n s t a n t  based on s o l i d  r e a c t a n t ,  

f requency f a c t o r  f o r  r a t e  c o n s t a n t ,  ~3(m+n)-2/molem+n-b 
order  of r e a c t i o n  f o r  s o l i d  r e a c t a n t  
order  of r e a c t i o n  f o r  gaseous r e a c t a n t  
RhC/ke, modified N u s s e l t  number f o r  convec t ive  h e a t  t r a n s f e r  

RhRTi/ke, modified N u s s e l t  number f o r  r a d i a t i o n a l  h e a t  t r a n s f e r  

p a r t i c l e  Reynolds number 

R h ( T o ) / D e A ( T o )  modif ied Sherwood number 
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Mass Spectrometr ic  V o l a t i l i z a t i o n  Studies  of O i l  Shale 
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Rice Univers i ty  

Houston, Texas 77001 

. 

U t i l i z a t i o n  of o i l  s h a l e  as a f u e l  i s  a two-fold problem f o r  high temperature 
chemistry: cont ro l led  p y r o l y s i s  of organic  m a t e r i a l ,  and high temperature 
sublimation-decomposition r e a c t i o n s  of inorganic  res idues .  Because s h a l e  d i f f e r s  
from petroleum, i n  t h a t  n a t u r e ' s  decomposition of t h e  organic  mat ter  "kerogen" is  
incomplete, a v a s t  technology of  the  (e.g., p ressure ,  steam, a i r ,  and 
temperature) f o r  the d e s t r u c t i v e  d i s t i l l a t i o n  of kerogen has  evolved. Rea l iza t ion  
of  t h e  d i s p o s a l  problem a s s o c i a t e d  wi th  t h e  inorganic  res idues  h a s  a l s o  been t h e  
impetus f o r  numerable t e c h n i c a l  s tud ies '  s 4  concerned with t h e  e f f e c t i v e  use of 
inorganic  s i l i c a t e s ,  carbonates ,  s u l f a t e s ,  phosphides, e t c .  found t o  be present  i n  
t h e  sha le .  

High temperature m a s s  spectrometry has  been e f f e c t i v g l y  used f o r  bo th  hydro- 
carbon s tudies5y6 and numerous inorggnic  vapor iza t ion  s t u d i e s .  * While t h e  
technique provides d i r e c t  d e t e c t i o n  without  condensation o r  poss ib le  in te rmedia te  
r e a c t i o n s  of t h e  v o l a t i l i z e d  spec ies ,  i t  is usua l ly  l i m i t e d  by t h e  medium mass 
r e s o l u t i o n  of the  spectrometers  and complex introduced mixtures  which do not  
permit  unambiguous i d e n t i f i c a t i o n  of s p e c i f i c  hydrocarbons present .  Nevertheless ,  
q u a l i t a t i v e  and semi-quant i ta t ive  estimates regarding the types of organic  compounds 
evolved can be  made because v a r i o u s  f u n c t i o n a l  rou s of organic  compounds lead  t o  
c h a r a c t e r i s t i c  common i o n s  i n  the mass  spectra.'^^*^^ This technique has  recent ly  
been appl ied  t o  a s imi la r  problem of compounds found t o  be present  i n  gredominantly 
inorganic  m a t e r i a l s  such a s  t e k t i t e s ,  meteor i tes  and n a t u r a l  g lasses .  

Experimental 

Samples (approx. 0.1 g )  of Colorado o i l  s h a l e  w e r e  vaporized from tantalum 
Knudsen cells (with boron n i t r i d e  and high p u r i t y  alumina c r u c i b l e  l i n e r s )  i n t o  
both  a Bendix, model 14-2068, t ime-of-f l ight  mass spectrometer and a 60° magnetic 
s e c t o r  f i e l d  instrument. 
approximately 70OoC; h igher  temperatures were obtained by e l e c t r o n  bombardment of 
t h e  cells. 
t h e  base of t h e  c e l l .  A movable beam-defining sl i t  "shut ter" ,  loca ted  between the 
furnace and i o n  source reg ions  of the  spectrometer ,  permit ted d i f f e r e n t i a t i o n  of 
molecular  spec ies  a r i s i n g  i n  the r e a c t o r  from r e s i d u a l  background gases i n  the  
instrument .  
p ressures  of -1 x 
a t  s e l e c t e d  t i m e  i n t e r v a l s  w i t h  s t r i p  c h a r t  recorders  during t h e  hea t ing  cycle  
per iod .  
f l i g h t  instrument insured  t h a t  s i g n i f i c a n t  changes due t o  t h e  evolu t ion  of trapped 
gases  would n o t  go unobserved. 

The c r u c i b l e s  w e r e  r e s i s t i v e l y  heated t o  temperatures of 

Temperatures were measured with a Pt-Pt-10% Rh thermocouple peened i n t o  

Ions w e r e  monitored a t  20 and 40 e V  and t h e  s p e c t r a  scanned a t  
t o r r  i n  t h e  i o n  source  region.  Mass s p e c t r a  w e r e  monitored 

Continual o s c i l l o g r a p h i c  d isp lay  of the  s p e c t r a  provided by t h e  time-of- 

Resul t s  and Discussion 

Ions up t o  -400 amu were monitored between room temperature and 125OOC. Neutral 
molecular  progeni tors  of  these ions  have been assigned on the  b a s i s  of mass-to-charge 
r a t i o s ,  common fragment i o n s ,  Y Y l o  i s o t o p i c  abundance, s h u t t e r  p r o f i l e s  , and appear- 
ance p o t e n t i a l s .  

t h r e e  d i s t i n c t  regions of v o l a t i l i t y :  
s m a l l  amounts of hydrocarbons are evolved, (2) 35O:45O0C where l a r g e  q u a n t i t i e s  of 
organic  material a r e  be ing  r e l e a s e d  and (3) above 45OoC f o r  which inorganic  species  

Over t h e  temperature range inves t iga ted ,  t h e  observed mass s p e c t r a  suggest 
(1) room temperature t o  -35OoC, where only 



are general ly  the  most s i g n i f i c a n t .  The mass s p e c t r a  reproduced i n  f i g u r e s  2-4 
are typica l  of these  t h r e e  ca tegor ies ;  a background (room temperature) spectrum i n  
f i g u r e  1 may be used f o r  comparison. 
energy and have some ions t h a t  were of f - sca le  with the  s e n s i t i v i t y  used. 

A l l  four  s p e c t r a  were taken a t  20 e V  e lec t ron  

Temperature range 25-35OoC 

res idua l  peaks r e s u l t i n g  pr imari ly  from pump f l u i d s ,  a i r  l eaks ,  and condensation 
of var ious gases. 
instrument. Nearly a l l  ions a t t r i b u t e d  t o  pumping f l u i d s  (31, 108, 135, 169, 198- 
204) become smaller  with heat ing a s  can be  observed by comparison with f i g u r e  2 .  
The scan a t  16OoC ( f i g u r e  2) shows some s i g n i f i c a n t  changes i n  the  hydrocarbon 
"envelopes t t6~  l o  which correspond t o  d i f f e r e n t  numbers of carbon atoms i n  t h e  frag- 
ment ions.  
t h a t  those with d i f f e r e n t  l e v e l s  of unsaturat ion o r  func t iona l  groups frequent ly  
g ive  d i f f e r e n t  c h a r a c t e r i s t i c  ions ,  t h e  change between f i g u r e s  1 and 2 i s  ind ica t ive  
of a change i n  the  hydrocarbon spec ies  present .  
(m/e 78, 92, 106, 111, 159) with t h e  s h u t t e r  indicated they a r o s e  from t h e  sample; 
thus a t  temperatures below 2OO0C, p r i n c i p a l  ions of  aromatic ( m / e  78, benzene; 92, 
toluene; 106, xylene) o r  hetero-aromatic (78, 92, 106 pyr idyl ;  111, thiophenes) 
molecules are released from t h e  shale .  A t  -2OOOC an increase  of ions c h a r a c t e r i s t i c  
t o  those of a lkanes,  alkene and alkynes suggest t h a t  a l a r g e  v a r i e t y  of hydrocarbons 
are beginning t o  be released from t h e  sample. 

Temperature range 350-450°C 
A 

spectrum taken a t  4OO0C ( f i g u r e  3) shows t h e  l a r g e  c h a r a c t e r i s t i c  hydrocarbon 
envelopes observed. I n  general ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  evidence f o r  ni t rogen 
o r  oxygen containing organics. A numbeF of thiophenes but not  mercaptans seem t o  
be present .  In  addi t ion  t o  t h e  organics ,  H2S (m/e 34), COS (m/e 60) ,  and H20 a lso  
showed l a r g e  s h u t t e r a b l e  increases .  
disappeared a t  lower temperatures and more quickly than did t h e  hydrocarbons. 
the  temperature w a s  increased i n  t h i s  range, a d i s t i n c t  trend towards g r e a t e r  
unsaturat ion was observed; a t  35OoC, alkane common ions were t h e  l a r g e s t  i n  the 
s p e c t r a  but  by 4OO0C, alkene ions were l a r g e r  than the alkane fragmqnts. 

Room temperature s p e c t r a  obtained with mass spectrometers have c h a r a c t e r i s t i c  

Figure 1 shows such a spectrum obtained on t h e  magnetic s e c t o r  

Since comparison of numerous s p e c t r a  of organic  Compounds ind ica tes  

Monitoring s e v e r a l  of these  ions 

Ion i n t e n s i t i e s  f o r  most organic s p e c i e s  increased by a f a c t o r  of 10. 

These sulfur-containing spec ies  eventual ly  
As 

Temperature range 45O-125O0C 
Most hydrocarbons have been v o l a t i l i z e d  a t  these  temperatures. A s i g n i f i c a n t  

f e a t u r e  between 500-700°C is the  
corresponding decrease i n  t h e  Cop -ion i n t e n s i t y .  These molecules probably result  
from thermal decomposition of carbonates present  i n  t h e  s h a l e  matrix. 
r e l a t i v e  i n t e n s i t i e s  of m / e  15-18 suggest t h a t  s m a l l  amounts of ammonia were being 
evolved from t h e  sample; evidence f o r  release of t h i s  by-product of o i l  s h a l e  is  
general ly  missing from most of t h i s  s e r i e s  of mass spectra .  
(m/e 23) and Pp' (m/e 62) were observed as s igni f icant$  highly s h u t t e r a b l e  ions 
i n  t h e  spectrum; a t  s l i g h t l y  higher  temperatures, S i 0 2  
and Al' ( m / e  27) were i d e n t i f i e d  as w e l l .  

became black i n  co lor ;  a res idue  of sha le  heated t o  125OoC changed t o  a dark,  glassy 
bead. 

I n  genera l ,  t h e  r e s u l t s  obtained i n  these  s t u d i e s  agree with those  found i n  
previous o i l  s h a l e  technology. 
processing has been found t o  be 32OoC. Greater  unsa tura t ion  of t h e  hydrocarbons 
with increasing temperature agrees with previous experimental work. 
approximate 1% sulfur has been observed as thiophenes and H2S but  no t  as mercaptans. 
In  agreement with t h e  small t h e o r e t i c a l  y i e l d  of n i t rogen  from Colorado o i l  sha le ,  
only small amounts of nitrogen-containing spec ies  can b e  i d e n t i f i e d  i n  these  
experiments. 

radual  increase  i n  t h e  CO' ion i n t e n s i t y  with a 

A t  -55OoC, 

rg 

A t  - lOOO°C, Na+ 

(m/e 60), Mg+ (m/e 24) 

Sample res idue  of o i l  s h a l e  heated t o  7OO0C re ta ined  t h e i r  o r i g i n a l  shape but 

The most favorable  temperature f o r  hydrocarbon 

The 
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INPRODUCTION 

Pyrolysis studies of coals and chars have been pursued mainly with the  objective of 
gaining knowledge about the kinetics o f  reaction rocesses involved i n  canbustion and 
gasification. Slow heating stud>es a re  numerous,u but they haye l i t t l e  relevance t o  
the  cabus t ion  of pulvertzed fue l  where t h  r a t e  of temperature r i s e  of f u e l  particlev 
has been estimsted a t  10 OC/sec or m 0 r e . J  Emphasis has therefore shifted t o  condi- 
t ions  of rapid heating. 

In t h i s  study e l e c t r i c a l  pulse heating w a s  employed t o  simulate the temperature transients 
experienced by fue l  particles.  
t h a t  of controlled energy input t o  the  sample and a high probability f o r  thermal equi- 
librium hetween sample and heat source. 
was developed. The pulse heating technique has been, usqd e l s e w h e r e s f o r  measure- 
ment of physical properties of conducting materials a t  high temperatures. 
presented here on the devolati l ization of a se r i e s  of v i t ra ins  of different rank. 

The method cmbines the advantage of rapid heating with 

b constant heating rate of ne ly lo4 OC/sec 

Results a r e  

EXPERIMENTAL 

The procedure involved in these measurements consisted essent ia l ly  of heating microgram 
quantit ies of coal by pulses of e l e c t r i c a l  current. The coal was contained i n  a cylinder 
of metallic screen which served as a resistance-kating elemefit and a t  the same t i m e  
retained the res idue t le f t  after reaction. The yield of vo la t i l e  products was determined 
from the  weight loss of the cca l  sample after rapid heating. 

Cylindrical screens, fabricated frm 400-mesh, type 304, s ta in less  s t e e l  wire cloth, 
were 6 cm long, 1.2 mm in diameter, and weighed 75 mg on average. 
i n i t i a l l y  heated i n  vacuo, a significant weight loss occurred. 
ever, produced no further weight changes. 
a l l  screens w e r e  prefired at  900" C before determining the i r  weights v i th  a micro- 
balance. 

Coal, having a par t ic le  s ize  of 44-53 pm, w a s  introduced in to  the cylindrical  screens, 
and the quantity of coal was determined by reweighing the  screens. 
amount of coa l  approximated 250 pg- In  sane experiments, however, the coal charge was 
as small as 100 pg or as large as 3'70 M -  
and weight loss was sought, but none was found, and t h i s  r e su l t  indicates that all of the 
c-1 samples reached thermal equilibrium with the  heat source. 

When the screens were 
Successive fir ings,  how- 

To eliminate t h i s  potential  source of error,  

Typically, the 

A correlation between quantity of coal sample 

A cylindrical  screen, containing coal, was clamped between electrodes, and the  assembly 
vas inserted in to  the vacuum system as shown i n  Figure 1. The pressure was reduced t o  
10-3 to r r ,  and the  system was then isolated from the pump. The screen was heated by an 
e l e c t r i c a l  current which was controlled t o  provide a constant time rate of increase of 
temperature. 
current t o  increase as a function of t i m e  t o  capensa te  fo r  the  increase in resistance Of 
t he  screen and the increase i n  radiant heat loss. 
in temperature of the screen was propa r t iona l to  the  length of t h e  the  current was 
applied. 

The c i r cu i t  which controlled the  current vas designed t o  allow the 

In t h i s  m o d e  of heating the  increase 
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After f i r i ng ,  the screen with i ts  residue fron the reaction w a s  removed from the system 
and reweighed. 
gases and condensable products. 
volume of the system is a measure of the  gases evolved. 

The resul tant  weight loss is a measure of the t o t a l  volat i le  yield of 
The attendant pressure increase i n  the calibrated 

Calibration of screen temperature w a s  accomplished by f i r i n g  pure metals, canparable 
i n  weight and par t ic le  s i z e  t o  the coal samples, and observing the t i m e  required fo r  
them t o  melt. The condition of melting was determined by microscopic examination of 
the  metal particles after heating. 
could not be pinpointed, but a time spread could be established fo r  the extremes of 
cmple te  melting and non-melting. 
d i f fe ren t  metals, amount t o  an uncertainty i n  temperature of a t  m o s t  +_ 70 O C .  

drawn through the mid-points of these time intervals corresponded t o  a constant 
heating rate of 8.25 x l o 3  OC/sec. 

By t h i s  method the time t o  reach the melting point 

The time spreads, indicated i n  Figure 2 fo r  the 
A line 

Proximate and ultimate analyses of the v i t ra ins  used in  this study are presented i n  
Table 1. 
20.4 t o  48.0 percent. The ash content has been kept low by careful  selection of 
v i t r a i n  frm the coa l .  

The vi t ra ins  represent a wide range of vo la t i le  matter content, i.e., from 

Table 1.--Analyses of v i t ra ins  

Pocahontas No. 3 Pittsburgh I l l i n o i s  No. 2 
lvb hvAb hvCb 

Volati le matter 
Fixed carbon 
Ash 

Proximte analysis (mf) 

20.4 35.1 48. o 
79.3 63.1 51.1 

0.3 1.8 0.9 

U l t i m a t e  analysis (maf) 

4.6 5.4 5.8 
90.8 84.0 ' 79.2 

3 -  3 8.2 11.2 
0.7 1 - 7  1.3 
0.6 0.7 2.5 

RESUWS AND DISCUSSION 

Results of the decomposition of bitumlnous coals in  the temperature region 40O-116O0C 
a r e  presented i n  Table 2 and graphed in  Figure 3. 
is the cumulative effect  of reaction over an interval  of rapidly changing temperature, 
and the temperatures designated i n  the tab le  represent the  maximum temperatures attained 
by the coal samples. The  weight losses a re  averages of t e n  or  more tests conducted a t  
each temperature. 
those generally obtained from physicochemical measurements an chemically pure materials. 
Lack of high precision w a s  due t o  a number of factors:  
itself; non-uniformities i n  the heating of t h e  screens; and var iab i l i ty  i n  the d i s t r i -  
bution of coal along the length of the cylinders. 

The v o l a t i l e  yield or weight loss 

Standard deviations indicated fo r  the data points a r e  larger than 

inhomogeneities i n  the coal 
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Table 2.--Volatile yields f ran the decompaiticm of vit rains .  

Temperature, "C W e i g h t  loss, percent 

Pocshontas NO- 3, Pittsburgh, I l l i n o i s  No. 2, 
lvb hvAb hvCb 

400 -- 4.9 -- 
500 0.0 7.6 4.1 

600 2.4 29.4 f 12 26.9 8-2 

810 16.0 2 2.3 44.1 f 4.4 55.8 f 1.6 

700 10.0 f 5.3 47.9 f 3.2 49.7 f 3.6 

900 18.5 f 2.5 35.2 f 4.8 53.0 f 2.9 

990 17.2 f 1.4 34.5 f 3.3 49.5 f 3.4 

1075 17.7 f 2.1 3.1 f 2.7 45.6 f 2.5 

1160 20.8 f 1.9 43.1 f 4.0 47.0 f 1.9 

The decasposition curves UP Figure 3 obtained by heating v i t r a i n s  at a rate of 8.25 x 
lo3 "C/sec, indicate that  the release of volat i les  is indeed rapid. Decanposition of 
hvC and hv 
of coal.& After the onset of reaction, volat i le  yields f ran the low rank coals 
quickly increase t o  a maxim= in the region 700~-800~  C. 
are larger then the vo la t i l e  matter of the  coals determined by the standard ASTM method 
(Table l), and in this re pect our results are similar t o  those from other types of 
rapid heating studies.& With increase in temperature above Boo", there is a 
decrease in vo la t i l e  y ie ld  t o  about the  values given by proximate analysis. 
which is the highest temperature at ta inable  in this study, there is indication that the 
vo la t i l e  yields fran a l l  coals are again trending upvard. 

The behavior of low vo la t i l e  v i t r a i n  differs in sane respects from that of the lower rank 
coals. Its threshold of reaction  occur^ a t  an elevated temperature of 600". 
loss curve, although giving the appearance of a very veak peak at 900", should most 
probably be construed as having reached a plateau in th is  region because the precision 
indices are too large t o  j u s t i f y  the existence of a real maximum. 

The appearance of p e d  in the weight loss curves f r o m  rapid heating is in marked 
contrast  t o  the rnmotonic increase i n  weight loss that is observed when coal is de- 
volati l ized a t  a *, constant heating rate.l0/ A suggested explanation for the maxima 
i n  the  w e i g h t  loss curves of the low rank v i t r a ins  is that there is a canpetition between 
the bond-breaking reactions, which give r i s e  t o  the i n i t i a l  decamposition products, and 
t h e  reccmbination reactions, which cause initial products t o  form molecules more stable 
than the parent coal. 
reactions has been i voked t o  explain the ESR spectra of tars produced by the rapid 

vi t ra ins  begins around 400" C as has been reported f o r  slow heating studies 

The maximum volat i le  yields 

A t  ll60" C, 

Its velght 

Recently the idea of canplex depolymerization and repolymerization 

pyrolysis of c 0 a l . d  

Gases P V O l V e d  during decanps i t ion  were measured by the pressure increase in the system- 
The moles of gas w e r  converted t o  a w e i g h t  basis by means of gas canpositions reported 
in the l i t e r a t u r e , d  and the amount of liquid or condensables was obtained by difference. 

tl 
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Gas and 
are shown in Table 3. 
about 12 pcrcent, i r respect ive of the rank of the ccal. 
yield of volati les increased from 16 t o  56 percent with decrease in  coal rank. 
is quite apparent, therefore, t h a t  the increased vo la t i l e  yields obtained from the 
lower rank coals a r e  due e n t i r e l y  t o  the increased formation of condensable products. 

liquid yields corresponding t o  the maximum vo la t i l e  yields fran the coals I 
The gas yield in terms of pg gas/pg coal remains constant a t  

A t  the same time the t o t a l  
It 

SUMMARY 

Rapid pyrolysis of v i t r a ins  from bituminous coals was effected by heating them a t  a r a t e  
of 8.25 x 103 OC/sec, and the extent of devolati l ization was measured gravimetrically. 1 
Yields of total volat i les  f rm the low rank hvC and hvA coals do not increase monotonllcallyf 
with temperature, but instead reach a maximum iri the temperature region 700°-8000 C. The 
peak vo la t i l e  yields exceed the vo la t i l e  matter contents of the coals that a re  determined 
by t h e  standard ASTM method. 

A t  temperatures abwe 1100O C there is evidence tha t  the production of volat i les  from 
a l l  bituminous coals again increases with the temperature. I 

Low rank cosls produce larger vo la t i l e  yields than high rank coals. The increased 1 

ACKNWIEDMEXIT 1 
y i e l d s  are due almost en t i r e ly  t o  increases in amounts of condensable reaction products. 
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STUDIES OF THE SOLID AND GASEOUS PRODUCTS FROM 
LASER PYROLYSIS OF COAL 

F. S. Kam, R. A. F r i e d e l ,  and A. G. Sharkey, Jr. 

P i t t sbu rgh  Energy Research Center ,  Bureau o f  Mines, 
U.S. Department of t h e  I n t e r i o r ,  P i t t sbu rgh ,  Pa. 

I 
1 

i 

INTRODUCTION 

The Bureau of Mines has  made an ex tens ive  e f f o r t  t o  f ind  new techniques  t o  
inves t iga t e  t h e  s t r u c t u r a l  u n i t s  i n  coa l  f o r  bo th  t h e o r e t i c a l  and p r a c t i c a l  pur- 
poses. One of  t he  newer r e sea rch  t o o l s  is  the  l a s e r ,  which can produce h igh  
temperatures accompanied by r ap id  hea t ing  and cool ing .  Although many o f  t h e  
products  from l a s e r  i r r a d i a t i o n  have a l ready  been produced from c o a l  by o t h e r  
high-temperature devices=/ the laser exce l s  i n  the  production of  c e r t a i n  
py ro lys i s  products.  

EXPERIMENTAL 

Two lasers have been used i n  t h i s  study. A pulsed ruby l a s e r  w i t h  a 
focused b e v  gave an  energy concen t r a t ion  o f  55,000 w a t t s  cm-2 a t  a wavelength 
of  6943 A.- A continuous COP laser w i t h  a focused beam gave an  energy ou tpu t  
of 140 wa t t s  cm-2 a t  a wavelength of  106,000 A . 4 /  

The gene ra l  i r r a d i a t i o n  procedure was t o  seal the  coa l  sample i n  a g l a s s  
ves se l  i n t o  which t h e  laser beam can be f i r ed .  Coal samples, u s u a l l y  8-nan cubes, 
were heated under vacuum to  looo C f o r  2 0  hours  before  s e a l i n g .  Samples f o r  the  
ruby laser were sea l ed  i n  a pyrex tube  under vacuum or under a n  i n e r t  gas  a t  
p re s su res  up t o  1 atmosphere. P y r o l y s i s  occurred r ap id ly  and both  gaseous prod- 
u c t s  and e n t r a i n e  s o l i d s  escaped from the  ho t  su r f ace  a t  a rate es t imated  a t  
11,000 c m  sec- l .57  Samples pyrolyzed by the  CO2 l a s e r  w e r e  i r r a d i a t e d  i n  a tube 
wi th  a sodium ch lo r ide  window. P y r o l y s i s  of these samples w a s  a continuous pro- 
cess  which could be observed f o r  s e v e r a l  minutes,  a t  t he  end o f  which t h e  coa l  
sample was usua l ly  exhausted.  The escape of t h e  gaseous and s o l i d  products  from 
t h e  r eac t ion  zone of the  COq l a s e r  w a s  r e l a t i v e l y  slow, only  28  cm s e c - l .  Gases 
were c o l l e c t e d  i n  an evacuated bulb  f o r  a n a l y s i s  by mass spec t romet ry .  An e f f o r t  
w a s  made t o  a c c e l e r a t e  t h e  s o l i d  product ou t  o f  the  p y r o l y s i s  zone. Rapid remov- 
a l  of t h e  s o l i d  was attempted by inc reas ing  t h e  gas evacuat ion  r a t e ,  f l u sh ing  
wi th  i n e r t  gas ,  an e l e c t r i c  d i scha rge ,  and use  o f  a r e f r i g e r a t e d  c o l l e c t i o n  bulb.  

, 

RESULTS 

i' 
Ruby Laser  

Coal -pyro lys i s  products  u s ing  the  ruby laser were 53 percent  s o l i d  and 47 p e r -  
c e n t  gas.  
ious  high-energy inves t iga t . ions  .5/ Gas composition d a t a  are summarized i n  t a b l e  1, 
where ruby- laser  , d a t a  a r e  compared wi th  gases from high-temperature coa l  carboniza- 
t i o n ,  low-temperature ca rbon iza t ion ,  and py ro fys i s  w i th  the  C02 l a s e r .  

No s i g n i f i c a n t  amounts of  l i q u i d  were recovered, c o n s i s t e n t  w i t h  prev- 

The ruby l a s e r  produced a n  inc rease  i n  ace ty l ene  and a dec rease  i n  methane 
and o t h e r  hydrocarbons r e l a t i v e  t o  gases  from pyro lys i s  a t  lower tempera tures .  

D i rec t  observa t ion  of p y r o l y s i s  w i th  t h e  ruby laser was imposs ib le  due t o  
high l i g h t  i n t e n s i t y  and h igh  r a t e  of d i scharge .  
repor ted  previously;/  a t  26,000 frames per  second the  movement o f  products  ou t  

Photographic s t u d i e s  were 
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o f  t h e  r eac t ion  zone was observed. 
s t a b l e  du r ing  t h e i r  i n t r o d u c t i o n  i n t o  the  ion iz ing  chamber of t h e  mass spectrom- 
e t e r .  
p o r t i o n  of  t h e  sample w a s  weighed f o r  m a t e r i a l  ba lance  ca l cu la t ions .  
p roduct  was analyzed by i n f r a r e d .  An u l t ima te  a n a l y s i s  of  t h i s  s o l i d  was 
s i m i l a r  t o  t h e  o r i g i n a l  c o a l  ( t a b l e  2 ) .  

Gaseous products  cooled quick ly  and were 

S o l i d s ,  depos i t ed  o n  t h e  tube  w a l l s ,  were e a s i l y  removed. The unreac ted  
The s o l i d  

The i n f r a r e d  spectrum i n d i c a t e d  t h a t  most o f  the  bands c h a r a c t e r i s t i c  of 
t he  pa ren t  coa l  a r e  missing.&/ The h igh - re so lu t ipn  mass spectrum o f  the  s o l i d  
i s  s i m i l a r  t o  t h a t  o f  c o a l .  It i s  probably n o t  s i g n i f i c a n t  because some of the  
o r i g i n a l  c o a l  was e n t r a i n e d  i n  t h e  r a p i d l y  expanding gas  stream and mixed wi th  
the  s o l i d  product.  This is ind ica t ed  by h igh  a sh  i n  t a b l e  2. 

I 

Carbon Dioxide Laser 

Coal-pyrolysis p roduc t s  u s ing  the  COP laser were 29 percent  gas and 71 p e r -  
cen t  s o l i d .  The only  l i q u i d s  observed were traces of pentane and hexane i n  the  
vapor phase. Typical gaseous products  a r e  summarized i n  column 3 of  t a b l e  1. 
These gases  seem t o  r e p r e s e n t  a t r a n s i t i o n  between i n d u s t r i a l  coal ca rbon iza t ion  
and t h e  r ap id  py ro lys i s  a v a i l a b l e  wi th  t h e  ruby l a s e r .  The C02. l a s e r  produces a 

temperatures than a v a i l a b l e .  
series of hydrocarbons, b u t  no t  ace ty l ene ,  which apparent ly  r e q u i r e s  h ighe r  ir 

Hot gases  from the  m 2 - l a s e  i r r a d i a t i o n  were passed through a bed of 
powdered Raney n i c k e l  c a t a 1 y s t . j  The c a t a l y s t  was n o t  hea ted  d i r e c t l y  b u t  
on ly  i n d i r e c t l y ,  by incoming gases  and by hea t s  of r e a c t i o n  of  t h e  gases .  
usua l  complex mixture o f  gases  w a s  converted i n t o  a simple mixture c o n s i s t i n g  
o f  9 1  pe rcen t  methane, e thane ,  and propane ( t a b l e  3 ) .  The low y i e l d s  o f  hydro- 
gen and carbon oxides  i n d i c a t e  a g a s  syn thes i s  r e a c t i o n  a s  we l l  as hydrogenation 
occurred .  
B tu / f t3  by t h e  c a t a l y t i c  t r ea tmen t .  

S o l i d  Product f r o m  C02 L a s e r  

The 

The f u e l  va lue  o f  t h e  g a s  was increased  from 698 B tu / f t3  t o  1325 

The s o l i d  product  from the  C02-laser py ro lys i s  evolved a s  a f i n e  brown 
powder which was suspended i n  t h e  r e a c t i o n  tube and slowly depos i ted  on t h e  tube 
w a l l s .  Exposure t o  t h e  r e f l e c t e d  r a d i a t i o n  of  t h e  laser beam caused mel t ing  and 
condensation r eac t ions  which r e s u l t e d  i n  a t a r r y  mass. 
be  prevented by i n t e r m i t t e n t  l a s e r  opera t ion  o r  by removing t h e  powder i n  a 
stream of  inert gas. 

Secondary hea t ing  could 

The s o l i d  was removed from t h e  walls of t h e  c o l l e c t i o n  vesse l  i n  t h e  form 
o f  a powder which sof tened  between l08O and 112O C and v o l a t i l i z e d  a t  250" t o  
300° C. The apparent d e n s i t y  o f  t h e  f r e s h l y  prepared s o l i d  w a s  0.033 g ~ m - ~ ,  
on ly  2 pe rcen t  of t h e  d e n s i t y  o f  t h e  coa l  ( t a b l e  4 ) .  
material remained s t a b l e  f o r  several months. 

I n  a c losed  tube t h e  

I '  

This s o l i d  w a s  s epa ra t ed  i n t o  th ree  f r a c t i o n s  by e x t r a c t  ng w i t h  benzene a t  
80" C,  evaporating t h e  s o l v e n t ,  t hen  e x t r a c t i n g  wi th  hexane.)$ The d i s t r i b u t i o n  
w a s  benzene-insoluble (36 p e r c e n t ) ,  asphal tene  or benzene-soluble and hexane- 
in so lub le  (26.7 pe rcen t ) ,  and hexane-soluble (37.3 percen t ) .  The average molec- 
u l a r  weight o f  t h e  benzene-soluble m a t e r i a l  is  396 by the  osmotic mqthod. I n  
c o n t r a s t  wi th  the 64 p e r c e n t  s o l u b i l i t y  o f  t he  laser s o l i d s  P i t t sbu rgh  seam coa l  
is less than 1 percen t  s o l u b l e  i n  henzene a t  80" c. I 

Since t h e  s o l u b i l i t y  of coa l  i s  increased  by reduct ion , /  the laser s o l i d s  

I 
were dehydrogenated to determine  i f  t h e i r  s o l u b i l i t y  could be  a t t r i b u t e d  to  
hydroaromatics. The sample was prepared by r e f lux ing  the  l a s e r  s o l i d  i n  phen- 
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a n t h r i d i n e  wi th  a c a t a l y s t  o f  palladium on calcium c a r b 0 n a t e . g ’  
of  t he  t o t a l  hydrogen was removed, dec reas ing  t h e  hydrogen t o  carbon r a t i o  a s  
f 01 lows : 

T h i r t y  percent  

P i t t sbu rgh  seam cda l  
Laser, s o l i d s  
Dehydrogenated laser s o l i d s  1 

H:C, atomic r a t i o  

0.81 
0.90 
0.63 

H igh -Re so l u  t ion  Ma s s Spec t rome t r y  

The mass spectrum of the  l a s e r  s o l i d s  was obta ined  us ing  a Consolidated 
Electrodynamics Corp. model 21-llOB h igh- re so lu t ion  mass spec t rometer  a t  a 
source temperature of 300’ C.  The l a s e r  s o l i d s  a r e  i d e n t i f i e d  a s  sample 1 i n  
t a b l e  5.  This  spectrum was compared wi th  t h e  spectrum of sample 2 ,  which r ep re -  
s e n t s  a s i m i l a r  l a s e r  product separa ted  by g e l  permeation chromatography i n t o  
52 f r a c t i o n s . s /  The f r a c t i o n s  were analyzed by the  mass spec t rometer  and t h e i r  

, q u a l i t a t i v e  ana lyses  combined. Spec t ra  f o r  samples 3 and 4 r ep resen t  t he  s o l i d  
products ob ta ined  from P i t t s b u r g h  seam coa l  by o t h e r  processes .  Sample 
t h e  composite of d i s t i l l a t e s  from a high-temperature coa l  c a r b o n i z a t i o d /  i:nd 
sample 4 i s  a pyr id ine  e x t r  c t  of P i t t s b u r g h  coa l  ob ta ined  by mechanical a g i t a -  
t i o n  a t  room t e m p e r a t u r e . 2 7  

An inspec t ion  of t a b l e  5 shows t h a t  py ro lys i s  of coa l  u s ing  a C02 l a s e r  
produces a complex product which inc ludes  naphthalenes,  phenanthrenes,  and pyrenes.  
Many of t h e  methyl s u b s t i t u t e d  homologs a r e  p re sen t .  The maximum molecular 
weight of  sample 1 ( l a s e r  s o l i d s  v o l a t i l i z e d  i n t o  the  mass spec t rometer )  was 
440. Since t h i s  maximum molecular weight i s  only  s l i g h t l y  h ighe r  than the  
va lue  of 396 found f o r  t he  average molecular  weight by t h e  osmotic method, it 
i n d i c a t e s  t h a t  the  sample r e s idue  (20 pe rcen t  remained i n  the  sample holder )  
con ta ins  h igher  molecular weight compounds. 
molecular weights because only  t h e  to luene-so luble  po r t ion  o f  t h e  l a s e r  s a m p l e  
was introduced. 

Sample 2 has  a lower range of  

SUMMARY 

Products from the  l a s e r  p y r o l y s i s  o f  coa l  a r e  predominantly gases and s o l i d s .  
There i s  l i t t l e  evidence of t a r  and p i t c h  which a r e  c h a r a c t e r i s t i c  of coa l  c a r -  
boniza t ion .  
t rea tment .  So l id  products  a r e  a complex mixture having low-ash, low-density,  
and high-hydrogen content .  
va t ion ,  dehydrogenation, g e l  permeation chromatography, and mass spectrometry.  
Coal p y r o l y s i s  us ing  l a s e r  i r r a d i a t i o n  provides  a v a r i e t y  of  o rgan ic  compounds. 

Gases from the  GO2 l a s e r  have h igh  f u e l  va lue  fo l lowing  c a t a l y t i c  

E f f o r t s  were made t o  analyze these  s o l i d s  us ing  sol- 

1. High-energy l a s e r  i r r a d i a t i o n ,  a v a i l a b l e  from a pulsed ruby o r  o t h e r  
s o l i d  l a s e r ,  produces simple gas  mixtures  which a r e  h igh  i n  hydrogen, ace ty l ene ,  
and carbon monoxide. 

2 .  A moderate energy i r r a d i a t i o n  from a 10-watt C02 l a s e r  produces a more 
complex mixture of gases  wi th  l i t t l e  o r  no ace ty lene .  
d e n s i t y ,  i s  h igh ly  so lub le  i n  benzene, and has  an  u l t ima te  a n a l y s i s  s i m i l a r  t o  
t h a t  o f  an  a sh - f r ee  c o a l .  

The s o l i d  product has low 
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Table 1.- Gas composition o f  py ro lys i s  product$,  mole pe rcen t  

High- Lpw - 
Py r o  1 y s i s  temperature temperature 

Estimated 
method: Ruby laser C02 l a s e r  ca rbon iza t ion  ca rbon iza t ion  

temperature , o c d  1200 

H2 52 
co 22 
co2 9 
m 4  5 

C2H2 11 
Other HC 0 

- a/  Reference 4.  

1000 

47 
9 
2 

21 

0 
20  

900 

56  
7 
0 

31 
0 
5 

5 00 
1 7  

3 
5 
73 
0 
2 
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Table 2 . -  Elemental ana lyses  o f  P i t t s b u r g h  seam c o a l  and o f  
E y r o l y s i s  s o l i d s  

S o l i d  product  
Weight percent  P i t t s b u r g h  seam coal  Ruby laser CO7 l a s e r  

C 

H 

78.3 

5.3 

79.0 83.0 

4 . 6  6 . 2  

Ash 4 .8  7.7 0.9 
. .  

Atomic r a t i o ,  C/H 1.23 

c/o 12 - 3  

1.43 1.11 

1 2 . 2  1 6 . 2  

Table 3.- I r r a d i a t i o n  o f  P i t t s b u r g h  seam c o a l  wi th  CO7 laser. 
Gases exposed t o  Raney n i c k e l  

Direct p y r o l y s i s  Gases over  Raney n i c k e l  // y 

€I2, mole percent  51 3 

co 10 2 

m 4  

c2H6 

C3H8 

GO2 

Other hydrocarbons 

23 

3 

1 

2 

10 

6 0  

23 

8 

0 

4 

I 

I 

Table 4.- Data f o r  s o l i d  from CO7-laser i r r a d i a t i o n  of  c o a l  

Apparent d e n s i t y  0.033 g anq3  

Sof ten ing  poin t  108" - 112" C 

V o l a t i l i z a t i o n  temperature  250" - 300" C 

S o l u b i l i t y  i n  benzene 6 4  p e r c e n t  

Molecular weight ,  benzene-soluble f r a c t i o n  3 96 
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Table 5. -  Coal degradation products examined by mass spectrometry 

Sample: 

Example of possible 
compound 

Indene 116 

118 

116 

118 Indan 

C3 alkyl benzene 

C2 alkyl phenol 

Naphthalene ' . 

120 120 

122 122 122 

128 
130 

132 132 
134 134 
136 ' 136 

138 
140 

128 
13 0 
132 
134 
136 
138 

128 
13 0 
132 
134 
136 
138 

Methylnaphthalene 
144 
146 
148 

142 
144 
146 

142 
144 
146 

Acenaphthylene 

Acenaph thene 

152 152 

154 154 

15 6 
160 

C2 alkyl naphthalene 156 156 
1 6 0  160 

Fluorene 

Dibenzofuran 

166 

168 168 
170 

178 178 
180 
182 
184 

170 

Anthracene 178 
180 
182 
184 
186 

178 
180 

186 

192 Methylphenanthrene 

Phenanthrol 

.192 192 

194 
196 
198 

2 02 

194 
196 
198 '198 

Pyrene 2 02. 



Table 5.- Coal degradation products examined by mass spectrometry 
(cont 'd) 

Sample: l.! 

Example of possible 
compound 

Dimethylanthracene 2 06 
208 
210 
2 12 
216 
218 
220 
222 
224 

Benzo[ghi]fluoranthene 226 

Chrysene 228 J 230 
232 
234 
236 
23 8 

\ 244 
246 
248 
250 

Pe ry le ne 252 
\ 

* I 

2k1 

206 

210 
2 12 
216 
218 
220 

228 
230 

234 

244 

248 

* Sample has additional mass peaks up t o  440. 

3 d  

2 06 
2 08 
210 
2 12 
2 16 
218 
220 
222 
224 

226 

228 
230 
232 
234 
236 
238 
244 
246 
248 
25 0 

252 * 

226 

228 

~ ~ ~~ - a/ Solids from C02 laser. 
- b/ Solids from Cop laser, dissolved in toluene and separated by 

gel permeation chromatography. 
- c/ Composite data from high-temperature coal carbonization, reference 12. 
d/ Room-temperature pyridine extract, reference 13. 

h 
- 
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I G N I T I O N  AND INCENDIVIm OF SINGLE MICRON SIZE 
MAGNESIUM PARTICLES IRRADIATED BY A LASER BEAM 

I s r a e l  Liebman, John Corry and Henry E. Perlee 

Theoret icai  Support, S a f e t y  Research Center, B&eau of Mines 
U. S. Department of the In te r ior ,  Pit tsburgh, Pennsylvania 

INTRODUCTION 

This paper descr ibes  an experimental study of the  i g n i t i o n  End incendivity 
c h a r a c t e r i s t i c s  of magnesium p a r t i c l e s  heated by intense rad ia t ion .  While many 
inves t iga t ions  have been concerned with determining Igni t ion  temperatures of m e t a l  
p a r t i c l e s ,  much of their work has been w i t h  the i g n i t i o n  of s ing le  particles by 
hot  gases.(&,2,2)* I n  d u s t  or hybrid flames, however, a large portion of the 
p a r t i c l e  ign i t ion  energy is Supplied through rad ia t ion .  Indeed, i n  a study of 
dus t  flames of aluminum and graphite,(?) the  contr ibut ion of rad ia t ion  vas esti- 
mated to be 30 t o  60 percent of the  t o t a l  i g n i t i o n  energy. The ign i t ion  of com- 
b u s t i b l e  gases by f l y i n g  abrasion sparks and the incendivi ty  of heated passive 
pellets Shot i n t o  explosive gases have been examined by many invest igators(5,6,7) ;  
however, the r e l a t i v e  motion between p a r t i c l e s  and environment complicates the 
ana lys i s  and in te rpre ta t ion .  I n  the present  study, s i n g l e  micron size magnesium 
p a r t i c l e s  were r a d i a t i v e l y  heated while suspended i n  quiescent cold environmente 
of oxygen, a i r ,  He-oxygen, and methane-air mixtures, and the ign i t ion  and incen- 
dive mechanisms of the  p a r t i c l e s  were examined. 

EXPERWNPAL APPARATUS AND PROCEDURE 

Figure 1 Shows a schematic of the experimental apparatus.  The laser used a 
1.3-cm-diameter neodymium-doped g l a s s  rod and had a pulse durat ion of about 0.9 
millisecond. The l a s e r  beam was collimated by a simple 17-cm-focal-length convex 
l e n s  posit ioned 9.5 cm from the  magnesium p a r t i c l e  suspended i n  the center  of the 
l e v i t a t i o n  device. Devices of this nature have been used by other  investigators.@) 
The l e v i t a t o r  Consisted of four 0.3-cm-diameter by 8-cm-long v e r t i c a l l y  mounted 
metal rods which formed a 1.4-cm square. The rod ends vere supported by two te f lon  
insu la t ing  disks;  a l t e r n a t e  rods were connected together and t o  a 200- t o  1500-volt 
AC supply. 
bottom t e f l o n  disks  and insulated from the rods were connected t o  a DC source of 
100 to  1000 vol t s .  
a c e n t r a l l y  located cavi ty  i n  the bottom metal disk Yere dispersed i n  the apparatus 
by charging with a high-voltage pulse.  
tured i n  the l e v i t a t i o n  apparatus and retained along the c e n t r a l  v e r t i c a l  a x i s  of 
the  device by the r o t a t i n g  e l e c t r i c  f i e l d .  

Two metel c i r c u l a r  p l a t e s  a t tached t o  the  inner face of the  top  and 

I n  prac t ice  severa l  milligrams of the magnesium dus t  placed i n  

A few of  t h e  sca t te red  p a r t i c l e s  were cap- 

A l l  p a r t i c l e s  bu t  one were r e a d i l y  eliminated by varying the AC and DC 
potent ia l s ;  the  s ing le  remaining p a r t i c l e  W ~ S  then posit ioned i n  l i n e  v i t h  the 
laser beam and its s i z e  determined by use of  a microscope. 
contained i n  a transparent ghss chamber 6 x 6 x 10 cm having t w o  vents for use 
with flammable mixtures. 
(99 percent pure) ranging i n  s ize  from 28- t o  120-microns diameter were suspended 
and i r r a d i a t e d  i n  the g l a s s  chamber a f t e r  f i l l i n g  with dry gas mixtures of a i r ,  
helium-20 percent oxygen, pure oxygen, pure argon and stoichiometric methane-air. 
Streak and high-speed framing cameras were used t o  photograph the p a r t i c l e s  during 
i r r a d i a t i o n .  In  order t o  determine when p a r t i c l e  ign i t ion  occurred, a sample of 
the l a s e r  beam was picked up by t h e  photodiode (fig. 1 )  end amplified t o  energize 

The l e v i t a t o r  was 

In the experiments, s i n g l e  spher ica l  magnesium p a r t i c l e s  

* Underlined numbers i n  p r e n t h e s e s  r e f e r  to references a t  the end of the  pakr. 
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a neon bulb whose focused image on the  camera f i lm cor re la ted  with t h e  l a s e r  p d 8 e .  
The l a s e r  pulse duration was measured by connecting the  photodiode output t o  an 
oscil loscope. Due t o  the c h s r a c t e r i s t i c  energy inhomogeneity i n  the l a s e r  beam 
cross-section, the magnesium p a r t i c l e  was reproducibly positioned i n  a small, 
r e l a t i v e l y  uniform sec t ion  of t he  l a s e r  beam and s 1-mm-diameter aper ture  i n  f r o n t  
of the l a s e r  energy monitor l imi t ed  the  measured energy t o  t h i s  uniform section. 
The monitor was a radiometer based on the ca lor imet r ic  pr inciple  and measured total 
pulse energy passing through the apparatus. 
f ixed and l a se r  beam energy was varied by changing the charge voltage on the l a s e r  
f l a s h  tube capacitor bank. 
t he  l a s e r  beam, t h e  laser energy was monitored between tests i n  the absence of a 
pa r t i c l e .  
function of the measured laser energy passing through t h e  aperture,  t he  aper ture  
c ross -sec t ion  projected back t o  the  p a r t i c l e  site, and t h e  pulse duration. 

The co l l imat ing  lens  pos i t ion  was 

Since the magnesium p a r t i c l e  blocked a small portion of 

The ca lcu la ted  laser power dens i t i e s  i r r a d i a t i n g  the p a r t i c l e  were a 

Schlieren photographs were taken during the  i r r a d i a t i o n  of s ingle  magnesium 

I n  the experimental arrangement shown i n  f igure 2, 
p a r t i c l e s  (60- and 120-micron diameter) suspended i n  air ,  pure argon and s toichio-  
metric methane-air mixtures. 
a ruby l a s e r  having an approximate 0.9 millisecond length pulse was convenient t o  
use f o r  t h e  rad ia t ion  hea t ing  source. 
l u s t r a t e d  glass  l i g h t  guide t o  r e f l e c t  a portion of t he  laser l i g h t  on the  fi lm 
f o r  time co r re l a t ion  of the i r r ad ia t ed  p a r t i c l e  with the l a s e r  pulse. 

It was a l s o  advantageous t o  use the il- 

. RESULTS AND DISCUSSIONS 

P a r t t c l e  Ign i t ion  

In  previous hot-$as i g n i t i o n  exper'iments of s ing le  magnesium p a r t i c l e  i n  a i r ,  
it w8s established that  gas temperatures of 6400 to 740W a r e  necessary f o r  igni t ion 
of p a r t i c l e s  ranging i n  diameter from 120 t o  20 microns, respectively($; the ob- 
served gas temperature increase  with decreasing p a r t i c l e  s i ze  was a t t r i b u t e d  t o  t h e  
increased heat loss per p a r t i c l e  surface a rea  with decreasing pa r t i c l e  diameter 
during the igni t ion process. 
surrounded by a co ld  gas;  therefore ,  higher p a r t i c l e  temperatures were necessary 
f o r  i gn i t i on  t o  compensate f o r  t h e  increased hea t  l o s ses  t o  the cold ambient a t -  
mosphere. 
r ad ia t ion  by a sho r t  pulse depend on t h e  p a r t i c l e  hea t  capacity, thus requi r ing  
t h a t  the ign i t i on  energy suppl ied  by the  laser increase with pa r t i c l e  s i z e .  

In  our experiments, t h e  p a r t i c l e  was i n i t i a l l y  

I n  addition, maximum temperatures a t t a i n e d  by a p a r t i c l e  during ir- 

Figure 3 is a streak photograph of s laser- igni ted,  84-micron-diameter mag- 
nesium pa r t i c l e  burning in a i r .  
t h i s  photograph, was f requent ly  observed and is  ascr ibed  t o  p re fe ren t i a l  burning 
of t he  pa r t i c l e .  I n  many cases  t h e  p a r t i c l e  was seen t o  fragmentize following 
ign i t ion .  
reported i n  the previous hot-gas ign i t i on  s tud ie s .  

W r t i c l e  s p i r a l i n g  during combustion, shown i n  

Burning l i f e t imes  of t he  p a r t i c l e s  were usual ly  much shorter  than 

Figure 4 is a p l o t  of our experimental data showing the laser beam power 
dens i ty  required t o  ign i t e  single magnesium p a r t i c l e s  suspended i n  various at- 
mospheres. A t  these c r i t i c a l  powers, i gn i t i on  always occurred near the end of 
t he  l a s e r  pulse. 
de lay  t i m e  could be shortened appreciably.  As expected, t h e  r ad ian t  power for  
i gn i t i on  increases with p a r t i c l e  s i z e  and with increased thermal  conductivity of 
the ambient gases (thermal conduct iv i ty  of helium is  approximately 5 times that  
of a i r ) .  The s i m i l a r  c r i t i c a l  r ad ian t  powers required for p a r t i c l e  i gn i t i on  f o r  
a i r  and pure oxygen agree q u a l i t a t i v e l y  with results of the hot-gas i gn i t i on  
experiments (I_) i n  which i g n i t i o n  temperature was found t o  be approximately equal 
for magnesium pa r t i c l e s  i n  a i r  and pure oxygen; these findings suggest t h a t  oxygen 
d i f fus ion  is not a con t ro l l i ng  f ac to r  i n  t h e  ign i t i on  mechanism. 

A s  l a s e r  power was increased above the c r i t i c a l  value, i gn i t i on  
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In  addi t iona l  experiments, s ing le  p a r t i c l e s  (60-  and 84-micron diameter) sus- 
pended i n  pure argon and i l luminated by a long-duration photoflash l i g h t  were ir- 
r ad ia t ed  by laser powers equal  t o  t h a t  previously requi red  f o r  ign i t ion  i n  a i r .  
The photoflash l i g h t  revealed the  r ap id  growth of a cloud surrounding t h e  particle 
(presumably, condensed m e t a l  vapors) near the  termination of the  l a s e r  pulse.  The 
p a r t i c l e  was usual ly  s t i l l  discernable within the cloud. 

A sequence of s ch l i e ren  photographs of a 60-micron-diameter p a r t i c l e  i r r a -  
d i a t ed  i n  pure argon is shown i n  f igu re  5 ;  the  l a s e r  power dens i ty  was again j u s t  
s u f f i c i e n t  t o  ign i t e  a similar s i z e  p a r t i c l e  i n  a i r .  The expanding sch l ie ren  
image is considered t o  be mainly due t o  the  expelled ho t  metal vapor, and is  first 
v i s i b l e  near t he  mid-point of  the  l a s e r  pulse. A graph of the  sch l ie ren  growth 
r a t e  for an  i r r ad ia t ed  p a r t i c l e  suspended in  argon and i n  a i r  is shown i n  figure 6 .  
The increased growth of the sch l ie ren  taken i n  a i r  i s  ind ica t ive  of the  magnesium- 
a i r  r eac t ion  process. 

In  previous inves t iga t ions  of  magnesium p a r t i c l e  i gn i t i on  by hot  gas, t he  
maximum required gas temperature was 740OC and i n  the  ign i t i on  of magnesium ribbon 
by r e s i s t ance  heating,(g) m e t a l  temperatures were estimated t o  be i n  the  v i c i n i t y  
of t h e  m e t a l  melting point (621Oc) during the  onse t  of ign i t ion .  Our experiments 
suggest that ign i t ion  of  a magnesium particle by a 0.9 msec intense r ad ia t ion  , 
pulse occurs i n  the  vapor phase. During the  r ad ia t ion  pulse the  p a r t i c l e ' s  sur- 
face rises t o  the bo i l ing  poin t ,  t h e  p a r t i c l e  vaporizes, and ign i t ion  follows. 
For c r i t i c a l  r ad ian t  powers, vaporization begins near t he  mid-point of t he  laser 
pulse and ign i t ion  occurs i n  t h e  proximity of t h e  pulse end. 

Table I shows t h e  average burning l i f e t imes  of magnesium particles igni ted  by 
c r i t i c a l  l a s e r  energies a s  compared t o  hot-gas ign i t i on  experiments. The shor te r  
lifetimes fo r  the laser-induced ign i t ions  a r e  ascr ibed  t o  p a r t i c l e  vaporization 
p r io r  t o  ign i t ion  and d i s in t eg ra t ion  of  t he  particle during combustion. 

TABLE I 

Average burning l i f e t ime  of l a se r - ign i t ed  magnesium 
particles i n  a i r  compared with hot-gas ign i t i on  

Diameter, Lifetime, msec 
microns Laser ign i ted  Hot gas ign i t ed  

120 5 -0 16.8 
84 2.4 6.2 (80 micron) 
60 -9  1.8 (50 micron) 
28 .1 

For t he  r e l a t i v e l y  low laser r ad ian t  power dens i t i e s  used i n  our experiments 
and large thermal d i f f u s i v i t y  of t h e  particle, t he  p a r t i c l e  has a r e l a t i v e l y  small 
temperature gradient.  A rough approximation of t h i s  grad ien t  can be obtained from 
the  relationshipEFi, = hdT/dr, where e. is t h e  surface coe f f i c i en t  of absorp t iv i ty  
(assumed t o  have a value o f  0.3), Eo is  the  laser beam power density,  A i s  t he  
m e t a l  thermal conductivity having a n  average value of 1 Joule/cm sec OC, T is  the  
temperature, and r is  the  particle radius.  
d i f fe rence  between t h e  p a r t i c l e  surface and center  would be of t he  order of 9 t o  
1 8 0 0 ~  for t h e  28 t o  120 micron p a r t i c l e  respec t ive ly  using the data of f igure  4 
for  t he  a i r  environment. For a r ad ian t ly  heated magnesium p a r t i c l e  suspended in  
a n  i n e r t  atmosphere, t he  time fo r  the p a r t i c l e  sur face  t o  begin bo i l ing  and the 
quant i ty  of metal vaporized during the  pulse can be r ead i ly  ca lcu la ted  i f  t he  
following assumptions a r e  made. 

Worn t h i s  re la t ionship  the  temperature 



F i g .  5 .  - Schlieren records of a beer irradiated 60 micron particle 

in pure argon, 0.13 meec between frames. 
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(1) The rad ian t  f l ux  absorbed by the  p a r t i c l e  is  equal ly  d i s t r i b u t e d  over t he  
e n t i r e  p a r t i c l e  surface.  
given an  average value of 0.3 -- t h e  thickness of oxide coating on the  p a r t i c l e  is  
less than severa l  hundred Angstroms and has l i t t l e  e f f e c t  on E or the  hea t  
conduction. 

The p a r t i c l e  surface coe f f i c i en t  of abso rp t iv i ty  ( 6 )  is 

(2) 

(3 )  

The temperature d i s t r i b u t i o n  within the  p a r t i c l e  is  uniform. 

Radiative hea t  l o s ses  and heat t r a n s f e r  t o  the surrounding gases can be 
neglected. 

Using these assumptions, t he  energy balance equation fo r  t h e  p a r t i c l e  can then 
be m i t t e n :  

where Eo is the  r ad ian t  power dens i ty  i n  joules/cm2sec, r is  t h e  p a r t i c l e  rad ius  
i n  c m ,  t b  i s  t he  time i n  seconds for the  r t icle t o  reach the  bo i l ing  point,  p 
the  average pa r t i c l e  dens i ty  = 1.7 gms/crnT C the average p a r t i c l e  s p e c i f i c  
hea t  = 1.3 joules/cm OC, AT the  temperature i i f f e rence  from ambient t o  the metal's 
bo i l ing  point ( l l O O ° C ) ,  and HM i s  the  heat of fusion of t he  m e t a l  (380 joules/@). 
The reduction i n  p a r t i c l e  s i z e  due t o  evaporation can be expressed by: 

where I,, is the hea t  of vaporization (5500 Joules/gm) and t is  the  t i m e  remaining 
i n  t h e  l a s e r  pulse a f t e r  the part ' icle surface reaches the  bo i l ing  poin t .  

Using these equations, t ab l e  I1 shows the  ca lcu la ted  times for p a r t i c l e s  t o  
reach the bo i l ing  point and the  f i n a l  p a r t i c l e  s i z e  f o r  c r i t i c a l  laser powers ob- 
ta ined  from f igure  4 f o r  a i r  environments. 

TABU I1 

Boiling times and f i n a l  p a r t i c l e  s i z e  fo r  
laser i r r a d i a t i o n  a t  c r i t i c a l  power d e n s i t i e s  

Pa r t i c l e  
diameter, Time t o  bo i l ing  F ina l  p a r t i c l e  
microns point,  msec diameter, microns 

28 
60 
84 

120 

0.52 
.62 

, .65 - 70 

26 
56 
80 

, u.6 

The ca lcu la ted  times t o  reach the  bo i l ing  point fo r  t he  small p a r t i c l e s  ( t ab le  11) 
are approximately 20 percent l a r g e r  than our experimental r e s u l t s ;  the increased 
ca lcu la ted  values fo r  t h e  larger p a r t i c l e s  are probably due t o  our assumption of a 
uniform temperature within t h e  pa r t i c l e .  The small reduction in p a r t i c l e  s i z e  due 
t o  vaporization p r io r  t o  ign i t i on  accounts on ly  p a r t i a l l y  for t h e  sho r t  burning 
lifetimes noted i n  our experiments. In  addi t ion ,  t he  poss ib le  absorption of laser 
energy by the vaporized metal would be  e f f e c t i v e  i n  reducing the p a r t i c l e  absorp- 
t i v i t y  and thereby l e s sen  the  vaporization rate.  Results of t h i s  ana lys i s  suggest 
t h a t  p a r t i c l e  d i s in t eg ra t ion  i s  t h e  most s ign i f i can t  f a c t o r  i n  decreasing the  
burning lifetimes. 

1 
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I Incendivi t y  

I Figure 7 shows a p lo t  of the  c r i t i c a l  r ad ian t  power dens i ty  required f o r  t h e  
incendive ign i t i on  of stoichiometric methane-air mixtures by i r r a d i a t i v e l y  heated 
s ing le  magnesium p a r t i c l e s .  For comparison purposes, the curve of p a r t i c l e  ig-  
n i t i o n  i n  a i r  from f igu re  4 i s  a l s o  included. It  is s i g n i f i c a n t  to  note t h a t  t h e  
120-micron-diameter p a r t i c l e  requi res  l e s s  r ad ian t  power fo r  incendive igni t ion 
than for p a r t i c l e  i g n i t i o n  i n  a i r ,  whereas c r i t i c a l  r ad ian t  power f o r  the 84- and 
60-micron pa r t i c l e s  appear t o  be s i m i l a r  to t h e  values obtained i n  a i r ,  and the  
smaller 50- and 28-micron p a r t i c l e s  need g rea t e r  r ad ian t  power for incendivity 
than f o r  p a r t i c l e  i gn i t i on .  This l a t t e r  observation indicates  t h a t  the smaller 
p a r t i c l e s  can be burned i n  a flammable environment without i gn i t i ng  the environment. 

, 

1 

Table I11 lists the energy re leased  during combustion of magnesium p a r t i c l e s  
and the  computed r ad ian t  energy absorbed by  the  particles during the  laser pulse 
using equations 1 and 2 and the  c r i t i c a l  r ad ian t  powers for incendlvity shown i n  
f igu re  7. 
the methane-air mixture when i r r ad ia t ed  with r ad ian t  power d e n s i t i e s  as high a s  
270 watts/cm2, is a l s o  l i s t e d  i n  t h i s  t a b l e  f o r  comparieon purposes. 

Information f o r  a 20-micron-diameter pa r t i c l e ,  which d id  not i g n i t e  

TABLE I11 

Energy r e l eased  during combustion and r ad ian t  energy 
absorbed by magnesium p a r t i c l e s  during i r r a d i a t i o n  

Pa r t i c l e  
diameter, Energy of combustion , Energy absorption, 
microns m i l l i  joules m i  lli joule  s 

120 36.7 2.7 
84 12.6 1.3 
60 4.6 .5 
50 2.7 .4 
28 .5 .1 
20 .16 05 

1 

A l l  t h e  p a r t i c l e s  l i s t e d  i n  t a b l e  I11 except f o r  t he  28 and 20 micron, heve 
grea te r  absorbed energies than  t h e  reported (0.25 mJ) minimum spark ign i t i on  
energy f o r  stoichiometric methene-air mixtures. However, gas i gn i t i on  by 
r e l a t i v e l y  slowly heated hot  bodies should requi re  considerably more energy than 
by short  duration sparks. Nevertheless, since the 120-micron p r t i c l e  requires 
much less radiant  f lux for incendive igni t ion than  for p a r t i c l e  i gn i t i on  i n  a i r ,  
then this p a r t i c l e  apparent ly  i g n i t e s  the methane-air mixture by hot-body 
mechanisms. Therefore, neglecting any mgnesium-0 reaction, t he  minimum i g -  
n i t i on  energy of t h e  gas mixture by small  ho t  p a r t f c l e s  (11OOOC) should be of 
t he  order of 3 mJ. 
i g n i t e  the gas mixture s ince the energy required for incendive ign i t i on  is a s  
g rea t  or grea te r  than that requi red  for p a r t i c l e  igni t ion.  
r ad ian t  power density requi red  for incendivity ign i t i on  f o r  t he  60-micron p a r t i c l e  
shown i n  f i gu re  7 is ev iden t ly  due t o  an in t e rac t ion  of p a r t i c l e  i gn i t i on  and 
methane-air ign i t i on  processes.  The 50- and 28-micron p a r t i c l e s  require energies 
i n  excess of p a r t i c l e  i g n i t i o n  i n  order to shorten t h e i r  burning l i f e t imes  and 
thereby enhance the incendive process. The combustion and absorbed energy ca l -  
cu la ted  for the 20-micron particle is seen to be  less than  the  epark i gn i t i on  
requirements , therefore non ign i t ab i l i t y  by t h i s  p a r t i c l e  size is not surpr is ing.  
Rae(1) estimated the minimum mass of r ap id ly  moving and burning magnesium p a r t i c l e s  
capable of i gn i t i ng  a methane-eir mixture to  be 1.0 microgram which corresponds t o  
a 105-micron-diameter sphere. 
minimum particle s i z e  used in our experiments and iuustrates the probable e f f e c t  

1 
The smaller p a r t i c l e s  apparently i g n i t e  first then i n  t u r n  

I The drop i n  the 

I 
This value is almost fourfold greater than the 



,,;4- ,~o,;it; , I  , , ~, ,, , , , , 

20' 40 60 w 100 120' ' 

2 
20 

PARTICLE DIAMETER, microns 

Fig.  7. - Laser power dtnclity required far mingle magaeeium perticle 

t o  igntte s t o i c ~ i ~ t r l c  ntethene-eir mixture. 
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of particle motion and burning l i fe t ime on incendive eff ic iency.  
p a r t i c l e  s i z e  and motion on hot-body igni t ion  i s  demonstrated i n  work by Si lver(?)  
and ~ s t e r s o n ( 6 )  who igni ted  gas  mixtures with heated platinum and quartz spheres; 
t h e i r  r e s u l t s  showed that i g n i t i o n  temperature of the spheres increased w i t h  de- 
creasing sphere diameter and increasing sphere ve loc i ty  through t h e  f u e l  mixture. 

The e f f e c t  of 

Figure 8 show a sequence of sch l ie ren  photographs obtained during the ir- 
radia t ion  of a 60-micron-diameter magnesium p a r t i c l e  swpended i n  a stoichiometric 
methane-air m i x t u r e .  
during the  i r r a d i a t i o n  of a e ingle  60-micron and a 120-micron-diameter p a r t i c l e  
using the rad ian t  power d e n s i t y  ( c r i t i c a l )  necessary for incendive ign i t ion  of 
stoichiometric methane-air mixtures. 
particle irradiated by c r i t i c a l  and twice-cr i t ica l  rad ian t  power densi t ies .  The 
r e s u l t s  of these s tud ies  suggest t h a t  the incendive mechanism can be described a s  
a three-stage process; the first s tage  being an extremely rapid growth of a 
spher ica l  envelope surrounding the p a r t i c l e  r e s u l t i n g  from the  expending hot metal 
vapors and magnesium-methane-air reaction; the second stage is character ized by  a 
much slouer growth r a t e  and is considered t o  r e s u l t  from the  continued pre- 
ign i t ion  process of the  methflne-air react ion;  the t h i r d  s tage  is tne methane- 
a i r  combustion f r o n t  and corresponds t o  an expanding f r 6 n t  traveling a t  a constant 
veloci ty .  
and particle s ize .  Stoichiometric methane-air flame epeeds should be about 
270 cmlsec. 
micron p a r t i c l e  i r r a d i a t e d  by twice c r i t i c a l  power shown i n  figure 10. 
ign i t ion  experiments of methane-air systems by Ashman@) showed a similar 
pat tern,  a decreased flame speed wfth a decrease i n  wire temperature. H i s  
results a l s o  indicated t h a t  an exothetmic reac t ion  occurred i n  the methane-air 
pre- igni t ion period. 
methane-air combustion f r o n t  var ies  from about 3 to  5 nun, t h i s  is about one-half 
the  dis tance of corresponding zones as measured by Ashman. 

Figure 9 is a p lo t  of the growth of the sch l ie ren  image 

Figure 10 is a s imi la r  p l o t  f o r  a 120-micron 

The r a t e  of growth of a l l  stage@ is  observed t o  depend on laser energy 

This Corresponds approximately t o  the value obtained f o r  the 120- 
Hot-wire 

The d is tance  t raveled by the wave to  the beginning of the  

. .  
. .. .., ~ , *  . . . .. . ,  
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Fig. 8. - Schlieren record of laser irradiated 60 micron particle 

in stoichiometric methane-air mixture, 0.27 maec between frames. 
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